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Ultrasonic  nondestructive  evaluation  of  fibre-reinforced 
composite  materials  -  a  review 

V1K.RAM  K  KINRA  and  VINAY  DAYAL 

Department  of  Aerospace  Engineering  and  Mechanics  and  Materials 
Center,  Texas  A&M  University,  College  Station,  Texas  77843,  USA 

Abstract.  This  paper  reviews  various  ultrasonic  nondestructive  evalu¬ 
ation  techniques  applicable  to  fibre-reinforced  composites.  The  techniques 
are  briefly  described  and  key  references  are  cited.  Methods  to  evaluate  the 
reduced  stiffness  of  composites  due  to  micro-damage  are  described.  Results 
show  that  for  composites  through-the-thickness  attenuation  increases  and 
stiffness  does  not  change  due  to  transverse  cracks,  but  in-plane  stiffness  and 
attenuation  changes  are  substantial  and  can  be  measured  by  the  Lamb 
wave  techniques. 

Keywords.  Ultrasonics;  nondestructive  evaluation;  composites;  thin 
laminates. 


1.  Introduction 

The  excellent  strength-to-weight  ratio  and  the  flexibility  in  tailoring  the  strength  and 
stiffness  of  fibre-reinforced  materials  have  made  composites  an  indispensable  structural 
material.  Mixing  of  brittle  but  high  strength  fibres  (e.g.  graphite  fibre,  a„  =  2-5  GN/m2) 
with  viscoelastic  and  low  strength  (e.g.  epoxy  a„  =  0 10  GN/m2)  matrices,  however,  has 
created  some  very  complex  damage  mechanism  problems.  Damage  initiation  and 
propagation  are  very  different  in  composites  from  those  in  metals.  The  effect  of 
mechanical,  thermal  or  humidity  loading  is  very  complex  in  composites.  Nondestruc¬ 
tive  evaluation  (nde)  of  in-service  components  is  important  because  the  damage 
initiation  and  growth  mechanisms  are  not  fully  understood. 

Various  nde  techniques  such  as  X-ray  radiography,  dye-penetrant  tests,  ultrasonics, 
thermography,  acoustic  emission,  holography  etc.  have  been  successfully  used  to 
characterize  damage  in  composites.  This  review  is  restricted  to  ultrasonic  nde  of 
composites.  It  will  also  cover  the  technique  of  acoustic  emission  as  well  as  the  more 
recently  developed  method  of  acousto-ultrasonics. 

In  metals  when  damage  is  initiated,  it  becomes  the  nucleating  site  for  further  damage  f 
growth.  On  the  other  hand,  Reifsnider  etal  (1983,  pp.  399-420)  have  shown  that  in 
fibre-reinforced  composites,  a  very  different  phenomenon  takes  place.  Invariably,  the 
first  mode  of  damage  in  compc:itcs  is  matrix  cracking.  The  fibres,  being  much  stronger 
than  the  matrix,  are  able  to  carry  the  extra  load  due  to  the  redistribution  of  stresses  in 
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the  vicinity  of  the  matrix  cracks.  Fibres  also  act  as  matrix  crack  arresters.  Stresses  in  the 
vicinity  of  the  first  crack  are  relieved  and  the  next  crack  forms  where  the  stresses  again 
develop  to  a  critical  value.  As  a  result  the  entire  structure  develops  microcracks  without 
endangering  the  integrity  of  the  structure.  Up  to  this  stage  of  damage,  identification  of 
individual  cracks  does  not  serve  any  useful  purpose.  But  due  to  these  cracks  the  stiffness 
of  the  structure  is  reduced  and  hence  the  interest  lies  in  the  determination  of  the  residual 
stiffness  and  the  attenuation  of  the  material.  The  transverse  cracks  in  the  90°-plies  are 
arrested  by  the  0'5-p[ies.  The  point  of  crack  arrest  also  becomes  a  point  of  stress 
concentration  and,  therefore,  a  nucleating  site  for  the  delaminations.  At  this  stage  of 
damage  development  micrccracks  have  lost  their  significance  and  the  attention  is 
turned  to  the  detection  of  macro-damage.  The  damage  size  and  location  are  also  of 
interest  during  manufacturing  since  any  foreign  material,  such  as  dust,  grease  or  oil  left 
on  the  surface  of  the  lamina  during  fabrication  can  result  in  debonding.  Thus  all  nde 
techniques  can  broadly  be  categorized  as  (1)  techniques  for  detection,  sizing  and 
location  of  damage,  and  (2)  evaluation  of  mechanical  properties  such  as  stiffness  and 
ultrasonic  attenuation. 


2.  Detection  of  damage,  size  and  location 

According  to  Krautkramer  &  Krautkramer(1983),  Sokolov  (1929)  used  a  through-the- 
thickness  transmission  technique  for  flaw  detection  in  metals.  In  regions  where  cracks 
exist,  the  sound  intensity  is  small  compared  to  the  undamaged  regions.  Firestone  (1945) 
utilized  the  pulse-echo  method  for  the  detection  of  flaws  in  materials.  The  ultrasonic 
pulses  reflected  from  the  flaws  are  detected  to  map  out  the  flaws.  The  time  taken  for  the 
waves  to  travel  from  the  transmuting  transducer  to  the  receiving  transducer  gives  the 
depth  of  the  flaw  if  the  wave  peed  in  the  material  is  accurately  known.  Today,  using 
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Figure  1.  Schematic  of  the  C-scan 
principle.  The  signal  reflected  from 
the  crack  is  seen  as  a  smaller  signal 
between  the  reflections  from  the 
front  and  back  surfaces. 
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Figure  3.  Digital  C-scan  of  a  32-ply  graphite/epoxy  laminate  with  central  and  circumferential 
damage  as  well  as  thickness  variation  across  the  specimen  (R  A  Blake,  private  commun.) 
(magnification  =  08  x ;  scan  line  spacing  =  0082  in.;  scan  time  =  6 1  s). 


computers  with  multicolored  plotting  facilities,  a  very  detailed  picture  of  the  damage 
can  be  obtained.  This  pulse-echo  technique  is  now  better  known  as  the  “C-scan" 
technique.  The  basic  concept  behind  this  technique  is  shown  in  figure  1.  The  same 
transducer  is  used  for  production  and  reception  of  the  waves.  A  typical  signal  trace  is 
also  shown.  The  first  pulse  is  the  front  surface  reflection,  the  second  is  reflection  from 
the  crack,  and  the  third  pulse  is  from  the  back  surface.  The  presence  of  central  pulse 
indicates  a  flaw  in  the  material.  The  depth  h  of  the  crack  can  be  obtained  by  an  accurate 
measurement  of  time  t  and  prior  knowledge  of  the  wavespeed  c  in  the  material;  h  —  ct/2. 
Bar-Cohen  et  al  (1979)  have  used  this  technique  to  detect  1  mm  diameter  delaminations 
in  graphite/epoxy  laminates  with  an  accuracy  of  ±  0-2  mm  in  depth  measurements^ 
Daniel  et  al  ( 1 98 1 )  have  used  the  C-scan  for  monitoring  fatigue  damage  in  composites;  a 
typical  C-scan  picture  from  his  work  is  reproduced  in  figure  2.  Blake  (1982,  1983)  and 
Blake  &  Hartman  (1984)  have  used  computers  for  digital  analysis  and  presentation  of 
the  damage  pictures;  see  figure  3  for  a  digital  C-scan  picture. 


Ultrasonic  NDE  of  composites 
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Acoustic  emission  (ae)  is  another  technique  which  is  used  for  the  detection  of  the 
onset  of  damage,  its  size  and  location.  The  deformation  of  a  structure  takes  place  under 
loading.  This  deformation  eventually  results  in  the  generation  of  cracks  or  discontinu¬ 
ities  in  the  structure.  During  the  initiation  and  development  of  these  cracks  energy  is 
released  as  sound  waves.  Thus  the  instant  of  initiation  of  damage  can  be  recorded  by 
detecting  the  ae  waves.  By  a  simple  triangulation  technique  the  location  of  damage  can 
also  be  estimated  fairly  accurately.  This  is  an  excellent  on-board  technique,  and 
although  not  a  nondestructive  technique,  it  is  able  to  pinpoint  the  onset  of  failure. 

Liptai  (1972)  found  that  in  composites  the  acoustic  emission  takes  place  in  two 
categories,  the  low  level  emission  generated  by  plastic  deformation  of  matrix  and  fibres, 
and  the  higher  level  emission  generated  by  fibre  failure,  matrix  cracking,  interface 
failure  and  fibre  pullout.  Acoustic  emission  techniques  have  been  used  to  study  the  real¬ 
time  behavior  of  composite  materials  during  fatigue  loading  by  William  &  Reifsnider 
(1977).  They  have  shown  that  ae  data  can  be  combined  with  video-thermography  and 
dynamic  recording  of  compliance  to  get  meaningful  results  for  the  real-time  nde.  Becht 
etat  (1976)  and  Baily  etal  (1980)  have  used  ae  to  investigate  flaw  formation  and 
propagation  in  graphite  reinforced  plastic  (grp)  pressure  tubes,  and  to  evaluate  the 
fracture  behavior  of  notched-bend  specimens  in  fiexural  and  fatigue  experiments.  They 
have  reported  some  success  in  identifying  fibre  failure  from  matrix  failure  by  amplitude 
distribution  analysis.  Arora  &  Tangri  (1981)  have  used  ae  count  rate  (number  of  times 
the  amplitude  crosses  the  threshold)  to  estimate  the  growth  rate  of  cracks  in  Zr-2-5% 
Nb.  William  &  Egan  (1979)  and  Belchamber  et  al  (1983)  have  used  spectral  analysis  of 
the  ae  signal  to  analyse  fibre  composite  failure  mechanisms.  Since  various  types  of 
damage  may  occur  at  the  same  time,  it  is  rather  difficult  to  differentiate  between  them. 
In  this  work,  groups  of  ae  events  are  treated  as  random  data  and  are  statistically 
analysed  to  identify  group  characteristics  of  different  failure  modes. 

Vary  &  Bowles  (1977,  pp.  242-258)  and  Vary  (1982)  have  combined  ae  with 
ultrasonics  and  developed  the  acousto-ultrasonic  technique  for  characterization  of 
fibre  reinforced  composites.  The  acoustic  emission  is  stimulated  by  passing  ultrasonic 
waves  in  structures.  These  ae  waves  arc  then  detected  by  the  usual  ae  procedures.  These 
complex  waves  have  been  quantified  by  the  “stress  wave  factor”  (swf)  technique  which 
will  be  described  next.  Talreja  et  al  (1984,  pp.  1099-1106)  have  used  the  technique 
developed  by  Vary  to  assess  stiffness  degradation  in  graphite/epoxy  laminates. 

The  stress  wave  factor  technique  was  proposed  by  Vary  &  Bowles  (1977,  pp.  242- 
258).  The  swf  is  defined  as;  sw?  =  g*r*n,  where  g  is  the  time  interval  over  which  the 
signal  is  recorded,  r  is  the  repetition  rate  of  simulated  ae  waves  and  n  is  the  number  of 
oscillations  each  ae  burst  exceeds  a  fixed  threshold  voltage.  Vary  &  Lark  (1979)  have 
shown  that  swf  can  be  correlated  with  the  variations  of  the  tensile  and  shear  strengths 
of  composite  materials.  William  &  Lampert  (1980)  have  used  a  modified  swf  for  the 
degradation  studies  of  impact  damage  in  graphite-fibre  composites,  swf  is  considered 
to  be  a  measure  of  goodness  of  the  material;  a  high  swf  indicates  a  less  damaged 
specimen.  Obviously,  swf  is  inversely  proportional  to  the  alternation  in  the  material. 


3.  Acoustic  parameters  (wavespeed  and  attenuation)  for  the  NDE  of  composites 
It  is  well-known  that  the  wavespeed  of  sound  in  a  material  is  related  to  its  stiffness: 
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c -  =  E/p  where  c  is  the  speed  of  sound,  E  is  an  approximate  stiffness  and  p  is  the  density. 
The  presence  of  defects  (e.g.  voids,  cracks,  particles  etc.)  changes  the  effective  stiffness  of 
the  material.  When  a  mechanical  wave  of  wavelength  large  in  comparison  to  the  crack 
size  is  propagated  through  such  a  medium,  the  change  in  stiffness  is  manifested  as  a 
change  in  the  sound  velocity  according  to  the  above  equation.  Furthermore,  the  defects 
act  as  wave  scatterers.  As  a  result,  the  defect  population  also  manifests  itself  in  the 
attenuation  of  the  wave  passed  through  the  material.  Kinra  era/ (1980, 1982),  Kinra  & 
Anand  (1982),  Kinra  &  Ker  (1982, 1983)  and  Kinra  (1984,  pp.  983-991)  have  measured 
c  and  x  (attenuation  coefficient)  for  a  variety  of  particulate  composites.  As  expected 
both  c  and  a  were  found  to  depend  strongly  on  the  volume  fraction  of  inclusions.  An 
unexpected  result  was  that  near  a  critical  frequency,  c  and  a  were  also  found  to  be  highly 
sensitive  functions  of  frequency.  This  was  attributed  to  the  excitation  of  the 
fundamental  resonance  of  the  particles  or  voids. 

The  anisotropy  of  composites  can  greatly  complicate  the  interpretation  of  the 
received  ultrasonic  signals.  Kriz  &  Ledbetter  (1983)  and  Kinra  &  Eden  (1984)  have 
obtained  the  solution  of  the  Christoffel’s  equations  given  by  Musgrave  (1970)  to 
graphically  depict  stiffness,  longitudinal  wave  velocity  and  shear  velocity  variations  in 
graphite/epoxy  laminates.  Some  results  obtained  by  Kinra  &  Eden  (1984)  are  shown  in 
figure  4.  Here,  slowness  is  the  inverse  of  velocity.  Shown  also  on  the  plot  are  the  group 
velocity  vectors  (energy  propagation  directions)  which  are  always  perpendicular  to  the 
slowness  surface. 

Various  researchers  have  used  ultrasonics  for  the  nde  of  composites  by  relating  the 
damage  to  the  acoustic  parameters.  Ultrasonic  waves  have  been  used  to  measure  the 
stiffness  parameters  in  composites  by  Tauchert  &  Guzelsu  (1971,  1972)  Kriz  & 
Stinchcomb  (1979),  Mann  etal  (1980),  William  etal  (1980a)  and  Ueda  etal  (1983). 
Reynold  &  Wilkinson  (1979)  have  used  the  measurement  of  difference  in  wave 
velocities  for  the  estimation  of  porosity  in  composite  materials.  Heyman  and  Cantrell 
(1979,  pp.  45-56)  used  a  phase-insensitive  transducer  to  study  the  effect  of  material 
inhomogeneity  on  ultrasonic  measurements.  Ultrasonic  attenuation  has  been  used  to 
characterize  damage  in  fibre  composites  by  Hayford  &  Henneke  (1979.  pp.  184-200), 
Lee  &  Williams  (1980),  William  etal  (1980b,  1982),  William  &  Doll  (1980),  Ulman  & 


Figure  4.  Slowness  surfaces  for  a 
unidirectional  graphite/epoxy  com¬ 
posite.  L:  quasi-longitudinal,  SV: 
quasi-shear  (vertical),  and  SH: 
quasi-shear  (horizontal)  surfaces.  F 
is  the  energy  propagation  direction. 
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Henneke  (1982,  pp.  323-342)  and  Hale  &  Ashton  (1985).  Ringermacher  (1980,  pp.  957— 
960)  has  utilized  the  changes  in  wavespeed  to  characterize  damage  in  composites.  He 
has  shown  that  wavespeed  is  not  a  useful  parameter  to  characterize  damage  in  fibre 
composites.  Cantrell  et  al  (1980,  pp.  1003-1005)  have  measured  both  attenuation  and 
wavespeed  and  reached  the  same  conclusion  that  while  attenuation  is  a  very  sensitive 
measure  of  damage,  wavespeed  or  stiffness  is  not.  Eden  (1985)  has  tested  transverse 
cracks  generated  in  [0690*02],  graphite/epoxy  specimens  under  static  loading.  He 
has  used  the  pulse-echo  spectroscopic  technique  to  measure  both  wavespeed  and 
attenuation.  He  has  shown  that  as  the  damage  increases,  the  pulses  become  broad 
(dispersive  effect)  and  it  becomes  increasingly  difficult  to  make  good  measurements  of 
the  acoustic  parameters.  He  has  also  shown  that  when  the  waves  propagate  normal  to 
the  plane  of  the  plate  then  the  interaction  between  the  cracks  and  waves  is  small.  Hence 
wavespeed  does  not  change  but  the  increase  in  attenuation  is  appreciable. 


4.  Research  of  the  present  authors 

We  now  summarize  the  principal  research  carried  out  by  us.  A  detailed  literature 
survey  revealed  that  there  was  no  method  available  to  measure  the  acoustic  parameters 
for  thin  specimens.  We  expect  that  aerospace  structures  will  be  thin  and  so  Dayal  et  al 
(1986,  pp.  899-904)  have  developed  ultrasonic  techniques  for  the  measurement  of 
acoustic  parameters  in  thin  specimens.  When  the  specimen  is  thin  the  wave  reflections 
from  the  two  surfaces  interfere  and  the  classical  time-of-flight  method  breaks  down.  In 
our  technique  the  data  is  transformed  from  the  time  domain  to  the  frequency  domain 
by  the  use  of  fast  fourier  transforms  (fft).  The  techniques  are  fully  computer-controlled 
and  hcncc  ca„  be  very  easily  adapted  for  automation  and  remote  control.  These 
techniques  have  been  applied  to  the  monitoring  of  damage  in  fibre-reinforced 
composites  by  Dayal  &  Kinra  (1986).  We  found  that  attenuation  is  a  very  sensitive 
parameter  of  damage  while  wavespeed  is  rather  insensitive.  Results  also  show  that  the 
technique  is  very  accurate  and  highly  reproducible. 

4.1  Through-the-thickness  measurement  of  acoustic  parameters 

Let  an  infinite  elastic  plate  be  immersed  in  an  elastic  fluid  (water).  The  time-versus- 
distance  diagram  of  various  reflected  and  transmitted  pulses  is  shown  in  figure  5.  If  the 
plate  is  thick  enough  then  2  and  6  or  4  and  6  can  be  separated  in  the  time  domain.  The 
available  techniques  (toneburst,  pulse-superposition,  pulse-echo  etc.)  are  adequate  to 
calculate  the  wavespeed  and  attenuation  (though  not  very  accurate  for  attenuation).  If 
the  plate  is  thin  then  2, 6, 10  etc.  or  4, 8, 12  etc.  interfere  and  acoustic  parameters  cannot 
be  calculated  using  any  of  the  currently  available  techniques.  The  technique  developed 
by  us  removes  these  restrictions  and  we  have  been  successful  in  measuring  wavespeed 
for  aluminium  plates  down  to  0-258  mm  (10  mil)  thickness.  The  equations  used  to 
reduce  the  data  for  these  measurements  are  as  follows.  The  first  case  we  consider  is 
when  the  plate  thickness  is  such  that  a  single  pulse  of  signal  is  used  and  the  various 
reflected  or  transmitted  pulses  can  be  separated  in  the  time  domain.  Then, 

(G*/F*  -  1)  =  -  Tl2  Tu  exp ( -  i2kh),  (1) 

where  G*  is  the  fft  of  pulses  2  +  6  and  F*  is  the  fft  of  pulse  2;  TV1  is  the  transmission 
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Figure  5-  Time-versus-distance  diagram  for  a  plate  immersed  in  a  fluid. 


coefficient  for  wave  from  water  to  plate  and  7%,  is  the  transmission  coefficient  from 
plate  to  water;  k  =  kx  +  ik2  is  the  complex  wavenumber,  kx  =  oj/c,  w  is  the  circular 
frequency  and  c  is  the  wavespeed,  k2  is  the  attenuation  coefficient;  and  h  is  the  plate 
thickness.  Then, 

c  =  4nh/(  -  4>ff)  and  k2  =  In  M/2h,  (2) 

where  4>  is  the  phase  of  ( G*/F *  -  1)  and  M  =  \(G*/F*)/TX2T21\. 

The  wavespeed  is  calculated  by  plotting  the  phase-versus-frequency  plot  and  the 
slope  is  obtained  by  fitting  a  least  squares  straight  line  through  the  points.  Attenuation 
is  obtained  from  the  ratio  of  the  magnitudes. 

If  the  transmitted  signal  is  used  then  the  equations  are, 

G*/F*  =  /?2lexp(- i2kh)  (3) 

where  G*  is  the  fft  of  pulse  8  and  F*  is  the  fft  of  pulse  4. 

The  wavespeed  and  attenuation  are  calculated  from  (2)  with  M  =  |(Cr*//r*>//< j 2 1- 
Now  the  case  where  the  pulses  cannot  be  separated  is  considered.  If  the  reflected  field 
is  recorded  by  the  transducer  then  the  governing  equation  is 

0/(1  +  p)  =  Rhcxp(-i2kh)  (4) 

where  0  =  Rx2R2i(G*/F*  —  1)/T12T21  and  R12(F21)  is  the  reflection  coefficient  of  a 
wave  in  water  (plate)  from  plate  (water).  G*  is  the  fft  of  pulses  2  +  6  +  10  + . . .  oo  and 
F*  is  the  fft  of  a  reference  signal  obtained  by  replacing  the  specimen  by  a  thick  plate  of 
the  same  material  and  surface  conditions. 

If  the  transmitted  signal  is  recorded  by  the  transducer, 

G*/F*  =  Tt 2  T2 1  exp  {  —  ih(k  -  k0 ) }/ { 1  -  « 2 ,  exp ( -  i2kh) }  .  (5)' 

where  Ic0  is  the  wavenumber  of  the  wave  in  water,  G*  is  the  fft  of  pulses  4  +  8  +  12 
+ ...  oo  and  F*  is  the  fft  of  signal  when  there  is  no  specimen  between  the  transducers. 
Note  that  this  is  a  quadratic  equation  in  exp  ( -  ikh). 

These  equations  are  equally  valid  for  longitudinal  and  shear  waves  and  have  been 
used  to  measure  both  types  of  waves.  They  have  been  applied  to  a  variety  of  specimens 
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Figure  6.  Normalized  phase  velo¬ 
city  as  a  function  of  frequency  in  a 
lead/epoxy  particulate  composite. 
Note  large  variations  in  velocity 
around  the  cut-ofT  frequency  Cl, 
Circles  are  digitized  data  points. 


and  the  results  are  shown  in  table  1.  The  thickness  of  a  plate  of  aluminium  was  reduced 
by  careful  machining  and  the  wavespeed  calculated  at  various  thickness.  The  results 
show  excellent  repeatability  and  accuracy.  It  may  be  mentioned  here  that  although  the 
derivation  assumed  that  the  plate  is  elastic  it  is  not  difficult  to  show  that  these  equations 
are  rigorously  valid  for  linear  viscoelastic  and  dispersive  materials  provided  attenu¬ 
ation  is  small,  i.e.,  k2  «ku  which  is  generally  the  case.  As  an  illustration  of  the  efficacy  of 
our  technique  in  measuring  Ic,  and  k2  of  highly  dispersive  and  attenuative  media,  we 
tested  random  particulate  composites  consisting  of  lead  spheres  in  an  epoxy  matrix. 
Figure  6  shows  the  phase  velocity  as  a  function  of  frequency  in  this  specimen.  Below  the 
cut-off  frequency,  where  the  wavelength  is  large  in  comparison  to  the  ball  radius,  the 
wavespeed  is  weakly  dependent  on  frequency.  Again  at  high  frequencies,  where  the 
wavelength  is  small  in  comparison  to  the  ball  radius,  the  wavespeed  is  sensibly 
independent  of  the  frequency.  Around  the  cut-off  frequency  the  wavespeed  fluctuates 
very  rapidly  with  increase  in  frequency.  Here,  cut-off  frequency  is  the  frequency  that 
corresponds  to  the  excitation  of  the  rigid-body-translation  resonance  of  the  spheres.  It 
is  emphasized  that  the  entire  dispersion  curve  was  obtained  in  a  single  experiment. 

Next  the  results  are  presented  for  the  nde  of  fibre  reinforced,  graphite/epoxy, 
AS4/3502  composites.  A  [ 0690402 ],  laminate  was  tested.  A  static  load  was  applied  to 
the  specimen  and  transverse  cracks  were  produced  in  the  90°-pIies.  The  test  was 
interrupted  at  regular  intervals  and  the  number  of  cracks  was  determined  by  the  edge 
replication  technique.  The  specimen  was  then  subjected  to  ultrasonic  investigation. 
Figure  7  shows  the  results  for  tests  at  three  different  frequencies  for  attenuation  as  a 
function  of  applied  loads.  Shown  also  are  the  line  sketches  of  the  edge  replications  at 
different  damage  stages.  A  dramatic  increase  in  attenuation  is  observed  at  all  the 
frequencies.  Figure  8  shows  that  for  the  same  test  there  is  practically  no  change  in 
wavespeed.  These  results  show  that  for  the  thro ugh-the-thick ness  measurements 
attenuation  is  a  very  good  damage  metric  while  wavespeed  is  not. 

All  the  above  measurements  of  wavespeed  and  attenuation  have  been  made  in  the 
through-the-thickness  direction  where  the  crack-wave  interaction  is  the  weakest.  This 
interaction  is  strongest  when  a  wave  travels  perpendicular  to  the  crack  faces.  This 
provided  the  motivation  for  examining  the  propagation  of  Lamb  waves,  which  are 
described  next. 

4.2  Lamb  wave  technique  for  the  NDE  of  composites 

When  Lamb  waves  are  propagated  in  plates  immersed  in  water,  the  displacement  of  the 
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number  of  cracks 


Figure  7.  Attenuation  increases 
dramatically  with  transverse  cracks 
in  a  [0690402],  laminate  at  all  three 
frequencies  tested.  The  extent  of 
damage  and  number  of  cracks  are 
shown  in  the  edge  replication 
sketches. 


two  surfaces  of  the  plate  generates  waves  in  water,  hence  the  terminology  “leaky  Lamb 
waves”.  Since  these  waves  travel  in  the  plane  of  the  plate,  in-plane  stiffness  governs  the 
wavespeed  of  Lamb  waves.  Leaky  Lamb  waves  were  used  by  Bar-Cohen  &  Chimenti 
(1985)  for  the  nde  of  damage  in  composites.  They  have  shown  that  various  forms  of 
damage  can  be  identified  by  a  null-zone  measurement  method.  When  a  wave  is  incident 
upon  a  plate,  it  results  in  the  excitation  of  a  Lam  b  wave  in  the  plate  as  well  as  a  specular 
reflection.  Due  to  phase  change  in  the  leaky  wave,  the  specular  reflection  and  the  leaky 
wave  interfere  and  a  well-defined  null  zone  is  observed.  The  movement  of  the  null  zone 
has  been  related  to  the  defects  in  their  work.  In  our  work  we  have  adopted  a  different 
approach.  The  transducers  are  placed  such  that  specular  reflection  is  avoided  and  only 
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Figure  8.  Longitudinal  wavespeed 
remains  unchanged  with  damage. 
Laminate  is  the  same  as  in  Figure  7. 
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the  leaky  Lamb  waves  are  sensed.  We  measured  the  wavespeed  and  attenuation  of  the 
leaky  Lamb  waves. 

The  angle  at  which  a  Lamb  wave  is  generated  in  the  plate  is  governed  by  Snell’s  Law, 

sin(0,)/sin(0r)  =  cw/cL,  (8) 

where  0,  is  the  angle  of  incidence,  0 ,  =  n/2  is  the  angle  of  refraction,  cw  is  the  wavespeed 
in  water  and  cL  is  the  Lamb  wavespeed.  Habegar  et  al  (1979)  have  shown  by  a  rigorous 
analysis  that  at  low  frequencies  (wavelength  »  plate  thickness)  the  Lamb  wavespeed 
can  be  related  to  the  in-plane  stiffness  (£, )  as 

Ct  =  Ei/{pO  -  vl2v21)}  (9) 

where  v12  and  v21  are  the  two  Poisson's  ratios  for  the  composite  plate.  Since  for  the 
cross-ply  composites  that  we  have  tested,  v12v21 «  1,  (8)  reduces  to 

ci  =  EJp.  .  (10) 


Figure  9.  (a)  Reduction  of  in-plane  uiiTneu,  and  (hi  increase  in  attenuation  of  leaky  Lamb 
waves  with  damage,  in  three  graphite/eposy  laminates. 
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Thus  by  the  measurement  of  the  Lamb  wavespeed  from  (7)  and  substituting  it  in  (9)  the 
in-plane  stiffness  Ex  can  be  calculated.  The  results  for  a  variety  of  graphite/epoxy 
laminates  (Dayal  &  Kinra  1987)  are  reproduced  here.  Figure  9  shows  the  reduction  in 
stiffness  for  three  different  laminate  layups:  [0  904.],;  P  903],;  and  [029020],.  Let  2 a  be 
the  length  of  the  crack  which  is  the  same  as  the  thickness  of  the  contiguous  90‘J-plies.  Let 
N  be  the  linear  density  of  the  transverse  cracks  in  the  direction  of  wave  propagation.  In 
the  absence  of  a  more  suitable  measure  of  damage,  we  define  cumulative  crack  length  L 
=  2aN  and  use  it  as  a  damage  metric.  Note  that  four  90°-plies  contribute  more  to  the 
overall  stiffness  of  the  laminate  in  comparison  to  three  90°-plies  and  hence  their  failure 
results  in  a  larger  stiffness  reduction.  The  third  laminate  [029020],  has  four  90°-plies 
but  they  are  divided  in  two  and  also  the  laminate  has  four  0°-p)ies.  Thus  the  stiffness 
contribution  of  the  90°-plies  is  very  low  and  hence  it  shows  much  lower  stiffness 
reduction  on  damage.  The  increase  in  attenuation  for  the  three  laminates  is  shown  in 
figure  9b.  All  tests  were  conducted  at  the  same  frequency  of  0-5  MHz.  The  scattering 
cross-section  of  [0  904],  laminate  is  the  largest  (k^a  =  0-45)  and  hence  the  attenuation 
increase  is  maximum.  When  ic,u  «  1,  as  for  the  [02  902  0],  laminate  (k,a  =  0-06),  the 
wavelength  is  very  large  as  compared  to  the  crack  length  and  the  wave  does  not  “see” 
the  crack  and  the  increase  in  attenuation  is  very  low. 

The  results  obtained  by  the  authors  thus  show  that  for  the  through-the-thickness 
measurements  the  change  in  attenuation  is  a  good  measure  of  matrix  cracking  while 
wavespeed  is  not.  But  in  the  in-plane  measurements  both  wavespeed  and  attenuation 
are  sensitive  measures  of  matrix  cracks. 
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LIST  OF  SYMBOLS 
fourler  transform  of  f(t) 
fourler  transform  of  g(t) 
magnitude  of  a  complex  number 
number  of  digitizing  points 
Reflection  coefficient  In  medium  1  from  medium  j 
sampling  Interval  In  time  domain,  ns 
signal  length,  ysec 

Transmission  coefficient  for  a  wave  incident  In  medium  i  and 
transmitted  into  medium  j 

a  characteristic  length;  half  crack  length  or  particle  radius,  mm 
longitudinal  phase  velocity  in  specimen,  mm/ysec 
longitudinal  phase  velocity  of  wave  in  imnersion  medium  (water), 
mm/psec 

group  velocity  in  specimen,  mm/ysec 

frequency,  MHz 

cut-off  frequency,  MHz 

frequency  resolution,  MHz 

plate  thickness,  mm 

/-I 

complex  wavenumber  =  kj  +  ik^,  ran'* 
wavenumber  in  water,  real,  ran"* 

=  w/c,  wavenumber  in  specimen,  mm"* 
attenuation  coefficient,  nepers/ran 

integer;  number  of  complete  round  trips  taken  by  the  wave  across 
the  plate  thickness 
time,  ysec 
particle  displacement 
distance 

normalized  frequency,  2*fa/c^ 
wavelength,  mm 

normalized  wavenumber,  2*fa/<Cj> 
density  of  specimen,  g/ml 
density  of  water,  g/ml 
phase  of  a  complex  number 
circular  frequency,  rad/wsec 
aggregate  property  of  composite 
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1.  INTRODUCTION 


The  classical  method  of  measuring  the  speed  of  sound  In  non-dispersi ve 
media  Is  the  tlme-of-f light  method,  see  Reference1  for  example.  We  note  that 
in  non-dlsperslve  media  the  phase  velocity  and  the  group  velocity  are 
Identical2.  When  the  material  Is  either  dispersive  or  attenuatlve  this  method 
breaks  down  and  a  suitable  method  then  Is  the  so-called  toneburst  method. 
Here,  a  burst  of  pure  tone,  typically  about  ten  cycles  in  duration  is  used; 
this  places  a  constraint  on  the  specimen  thickness;  It  must  be  thick  enough  so 
that  the  toneburst  reflections  from  the  two  faces  of  the  specimen  can  be 
clearly  separated  in  time-domain  i.e.  it  should  be  roughly  five-wavelength 
thick.  For  example,  in  steel  at,  say,  one  MHz  frequency  the  required  minimum 
thickness  would  be  about  30  mm.  There  are  many  situations  of  practical 
Importance  where  one  must  carry  out  an  ultrasonic  examination  of  considerebly 
thinner  specimens.  For  example,  aircraft  and  aerospace  structures  using 
graphite/epoxy  or  metal-matrix  composites  employ  panels  as  thin  as  one  mm. 
Chang,  et.al3  have  developed  a  technique  for  the  measurement  of  phase  velocity 
in  thin  laminates.  They  carry  out  an  FFT  of  the  front-surface  and  the  back- 
surface  reflections  of  a  signal.  The  amplitude-vs-frequency  curve  is 
characterized  by  a  series  of  resonance  peaks;  the  peak  spacing  yields  the 
phase  velocity  which  is  the  same  as  the  group  velocity,  for  It  is  assumed  that 
the  material  Is  non-dlsperslve.  This  method  requires  human  analysis  of  data 
(It  cannot  be  computer  automated).  Further,  one  cannot  measure  attenuation  by 
this  method.  More  recently  Heyman4  has  developed  a  technique  called  phase 
Insensitive  toneburst  spectroscopy.  Although  this  technique  yields  excellent 
results.  It  requires  the  use  of  rather  specialized  and  sophisticated 
transducers  called  acousto-electric  transducers  (AET)  which  are  not  yet 
coamerclally  available. 
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By  combining  standard  FFT  methods  with  conventional  ultrasonics  (using 
commercially  available  broad  band  piezoelectric  transducers)  we  have  been  able 
to  develop  a  method  by  which  one  can  measure  the  phase  velocity,  the  group 
velocity  and  the  attenuation  In  ultra-thin  specimens  (sub-millimeter  or  sub¬ 
wavelength  in  thickness).  There  are  many  situations  in  which  one  cannot 
obtain  a  series  of  resonance  peaks  required  by  the  method  of  Chang,  et.al^. 
Our  method  works  even  In  the  absence  of  a  single  resonance  peak.  A  detailed 
description  of  this  technique  is  the  central  objective  of  this  paper.  We  will 
Illustrate  the  use  of  this  technique  on  four  rather  disparate  materials: 
aluminum,  an  epoxy,  a  particulate  composite  and  graphite-fiber /epoxy 
composite.  It  will  be  demonstrated  that  this  technique  works  equally  well  for 
thin  or  thick  specimens,  and  for  dispersive  as  well  as  non-dlsperslve  media. 

2.  THEORY 

Consider  an  infinite  elastic  plate  immersed  in  an  elastic  fluid 
(water).  A  Lagranglan  diagram  indicating  the  space-time  location  of  a 
wavefront  which  occupied  the  position  x=0  at  time  t=0  is  shown  in  Fig.  1.  A 
plane-fronted  finite-duration  pulse,  ray  I,  is  normally  incident  on  the 
plate.  This  results  in  an  Infinite  series  of  reflected  and  transmitted 
pulses.  The  expressions  for  the  reflection  and  transmission  coefficients  of  a 
displacement  wave  for  perfectly  elastic  media  may  be  found  In  Achenbach's 
book5. 

Let  the  displacement  In  the  Incident  field  be  given  by 

u1nc  «  fQ(wt  -  k0x) 
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(1) 


where  f  Js)  =  0  for  s<0. 
o 


For  the  time  being  w  and  kQ  can  be  any  two  constants  connected  by  c0 
■  w/kQ,  where  c0  Is  the  phase  velocity  of  wave  In  water.  Later  w  and  kQ  will 
be  Identified  with  the  circular  frequency  and  wavenumber  of  a  monochromatic 
harmonic  wave.  The  displacement  field  along  the  various  reflected  rays  may  be 
written  as 


=  R12f0<s-s2);  s2  =  2koa 
=  Ti2R21T21fo^s"s6^:  s6  =  2koa  +  2kh 
=  Ti2R21T21fo^S‘S10^;  S10  =  2koa  +  4kh 


(2) 


etc. 


Here,  s  =  wt  +  kQx,  h  =  b-a  is  the  plate  thickness,  is  the  reflection 
coefficient  In  medium  1  from  medium  j,  T^j  is  the  transmission  coefficient  for 
a  wave  Incident  in  medium  1  and  transmitted  Into  medium  j,  k=w/c,  c  is  the 
phase  velocity  in  the  plate,  and 


p  c 
M0  0 


°oco 


-  pc 
+  pc 


T 
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2p  c 
po  o 

P0C0  ♦  pc 


(3) 
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where  pQ  and  p  are,  respectively,  the  density  of  water  and  the  plate 
Material.  The  entire  reflected  field,  ur  *  +  u8  +  u*8  +  may  be 
written  as 


^  =  R12fo(s-s2)  +  T12R21T21  \  Vs"sm> 

s  =  2  k.a  +  m  2kh 
m  o 


(4) 


In  an  exactly  analogous  manner,  one  can  write  down  the  expressions  for 
the  transmitted  pulses.  With  s  =  wt  -  kQx 


u  =  Tl2T21fo^s's4^ :  s4  =  h(k_ko) 


u8  =  T12  R21  T21  f0(s-sg);  sg  =  h(3k-kQ) 


(5) 


.12 


T12  R21  T21  fo^s's12^:  s12  =  h(5k~kp' 


etc. 


The  total  transmitted  field  may  be  written  as 

S  ■ 

ut  ■ T«  T?>  f°<s'5")i  s”  * h  H2mi)  k'i,»i  (6) 

In  eqs  (4)  and  (6)  m  Is  the  number  of  complete  round  trips  taken  by  the  wave 
across  the  plate  thickness  h. 

The  Fourier  transform  of  a  function  f(t)  Is  defined  as 
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(7a) 


F  (u»)  J"  f(t)  eiwtdt,  -  od<w<o> 

—  IB 

with  the  associated  Inverse  transform  given  by, 

OD 

f(t)  vk  /  F*(“)  e1utd“  w 

—  CO 

2.1  Analysis  for  Thick  Specimens 

He  first  consider  the  case  of  a  relatively  thick  specimen  such  that 
various  pulses  In  Fig.  1  can  be  clearly  separated  from  each  other  in  the  time- 
domain.  Let  f(t)  be  the  signal  corresponding  to  ray  2  and  g(t)  be  the  signal 
corresponding  to  rays  2  and  6  combined  sensed  by  a  transducer  at  x=0.  (This  is 
the  so-called  pulse-echo  mode).  Then 

fit)  =  R12  f0(»t  -  2k0a)  (8) 

and  g(t)  =  T12R21T21f0(ut  -  2koa  -  2kh)  +  f(t).  (9) 

*  *  it 

Let  F  (w),  6  (w)  and  FQ  (w)  be  the  Fourier  transforms  of  f(t),  g(t)  and  f0(t), 
respectively.  Then, 


F  («)  =  R12  e  0  F0  (u) 

(10) 

G  («)  -  R12Fq(w)  e  0  (1  -  T12T21e12khl 

(11) 

it 

and 

G  (w)  ,  T  T  -12kh 

?rr  1  ■  v*ie 

(12) 

F  («) 
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It  Is  emphasized  that  In  the  foregoing  It  Is  assumed  that  the  plate 
behaves  In  a  perfectly  elastic  manner  l.e.  the  wavenumber  k  is  real  and 


c*u/k  is  a  constant. 

The  key 

term  In 

eqs  (11)  and 

(12)  is 

-12kh 
e  or 

-12hw/c.  Thus,  in 

eq  (11) 

If  one 

plots  |G  (u) | 

VS  u  It 

will  be 

characterized  by  a 

series  of 

resonance 

peaks  whose 

spacing 

is  given 

by  a(2hui/c)  =  2*.  or  In  view  of  u  =  2*f 

c  =  2h  af  (13) 

Measurement  of  c  In  aluminum  using  eq  (13)  is  illustrated  in  Fig.  2.  Here 
F(u)  *  |F*(u>)|  and  G(u>)  =  |G*(u)|.  Note  that  G(u)  consists  of  the 
transducer  response,  F(u)  superimposed  by  an  oscillation  due  to  e~i2h“/c 
term. 

A  further  Improvement  In  the  measurement  method  can  be  achieved  by 
plotting  (G*(w)/F*(u)  -  1),  eq  (12).  This  Is  illustrated  in  Fig.  3.  By 
taking  out  the  shape  of  the  transducer  response  we  are  left  with  oscillations 
due  to  the  constructive  and  destructive  interference  between  the  front-surface 
(ray  2)  and  back-surface  reflections  (ray  6). 

Even  though  eq  (12)  Is  derived  for  an  elastic  material  it  is  rigorously 
valid  for  a  linear  viscoelastic  material  provided  the  damping  is  small  i.e.  in 
kak1+1k2,  k2/k1«l.  This  elementary  proof  is  deferred  to  the  appendix.  We 
rewrite  eq  (12)  as 

e12kh  -  .  (G*(w)/F*(w)  -  1)/T12T21  *  MeU  (14a) 

Then,  kj(w)  *  -  a/2h 
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and 


k2(u)  =  {In  M)/2h,  (14b) 

where  M  =  | ((G*(w)/F*(w))  -  1)/T12T21 I 

Since  kj(w)  =  u/c  and  u  =  2nf 

c  =  and  k2(u)  =  (lnM)/2h.  (15) 


These  are  the  desired  equations  for  calculating  the  phase  velocity  and  the 
attenuation. 

Now  consider  the  transmitted  field  for  a  thick  specimen.  Two 
measurements  are  made.  In  the  first,  the  specimen  Is  removed  from  the  water 
path  l.e.  the  wave  travels  solely  through  water.  Let  the  receiving  transducer 
be  located  at  some  x  *  1  >  b.  Then  uinC(l,t)  =  f(t)  =  fQ(wt  -  kQl)  The 
specimen  is  now  inserted  in  the  wavepath  and  the  signal  due  to  ray  4  alone  is 
recorded.  Thus,  u4(l,t)  =  g (t )  =  Ti2T21fo^wt  “  ko1  "  2koa  "  Then* 


r*i  \  -1  kh+k  h 

LM  .  t  T  e  0 
r\  ,  1 12  *21e 
F  (w) 


*  "'o' 

G  (u)e  0 


If  zs -  Is  set  equal  to  Me  v  then 

F  (w)T12T21 


k^w)  =  -  */h 


(17a) 


and  k2(w)  *  On 


(17b) 
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where 


M 


Another  variation  of  this  technique  Is  when  signals  for  both  rays  4  and  8 

are  quite  large.  Then  the  following  approach  yields  more  accurate  results 

because  the  data  reduction  can  be  done  from  a  single  experiment.  Let  fit)  and 

★  ★ 

g(t)  be  the  signals  corresponding  to  rays  4  and  8,  let  F  (u)  and  G  (w)  be 
their  Fourier  transforms  then 


* 


★  *  2  in. 

As  before,  if  we  set  G  (u)/F  (w)  =  Me  9  then,  Eq.  (15)  can  be  used  to 
calculate  the  wavespeed  and  attenuation.  In  the  following  for  brevity,  these 
methods  will  be  referred  to  as  Second/First  method. 

We  note  that  this  method  is  equally  effective  for  dispersive  media.  From 
eq  (14)  one  plots  kj  vs.  <*>.  A  secant  to  the  curve  yields  Inverse  of  the 
phase  velocity  (phase  slowness).  For  dispersive  media  a  quantity  of  interest 
Is  the  group  velocity.  This  Is  the  speed  with  which  energy  propagates  in  a 
medium,  Cg  *  Wakjj  this  too  can  be  computed  from  the  phase  plot,  and  eq 
(14b)  yield  frequency  dependent  attenuation.  Finally,  we  Introduce  a 
normalized  attenuation  k^x.  This  Is  the  attenuation  of  a  wave  over  one 
wavelength.  The  motivation  for  this  particular  normalization  Is  that  for  a 
linear  viscoelastic  material  k^x  Is  Independent  of  frequency. 
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2.2  Analysis  for  Thin*  Composites 

The  total  reflected  field  comprising  rays  2,  6,  10,  14  .  -  at  x=0  is 

given  by  eq  (12)  as 


ur(o,t)  =  g(t)  =  R12f0(ut-2k0a) 

♦  T12R21T21  ^R2[m-1)fo(u,t-2koa-m2kh)  (20) 

Note  that  ray  2  cannot  be  used  as  the  reference  signal.  One  has  to  conduct  a 
separate  experiment  as  follows:  the  thin  coupon  is  replaced  by  a  thick  coupon 
with  the  front  surface  precisely  at  x=a.  Let  the  front  surface  reflection  be 
labeled  f(t),  then 

f(t)  =  R12fQ(ut-2koa) 

*  -12k  a  * 

F  (U)  =  R12e  0  F0  (*) 

G*(»)  =  F*(«)  ♦  T12R21T21  l  R|{",-1)F  *(«). 

m=l 

- 1  ( 2k  a  +  m  2kh] 

e  (21) 

Let  j  2  -  Rfj  eiZkh,  |2|<|,  (22) 

s* 

*In  this  paper  the  qualifiers  "thick"  and  "thin"  are  used  In  the  following 
sense.  When  various  reflections  or  transmissions  corresponding  to  a  short- 
duration  pulse  can  be  separated  In  the  time-domain,  the  specimen  is  considered 
thick.  But  the  duration  of  the  pulse  depends  on  the  center-frequency  of  the 
transducer.  Hence  the  use  of  the  word  thick  Is  quite  arbitrary. 
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Then 


From  Z  one  can  readily  calculate  the  complex-valued  wavenumber  k(w). 

For  completeness  we  Include  here  a  variation  of  this  method.  Suppose  a 
thick  coupon  to  obtain  a  reference  signal  Is  not  available  (this  difficulty 
will  be  discussed  later).  One  can  then  use  a  thick  specimen  of  some  other 
material;  we  have  used  a  block  of  aluminum.  Let  the  acoustic  impedance  of 
this  material  be  PjCj.  Let  the  front-surface  reflection  be 

f(t)  *  R  f0(wt-2kQa)  where  the  reflection  coefficient 

R  =  (eoco  '  °ic))/(poco  +  p  ic i ) »  and  9(t)  is  st111  9iven  by  eq  (18).  As 
before  with 


12  21 1 R  6  M  , , 

T  T  *  R  *  I  * 

(24) 

12  21  *12  F  (w) 

-  R^  e1kh  =  6/(l+e) 

(25) 

In  the  following  for  brevity  these  methods  will  be  referred  to  as 
All/FIrst  method. 

We  now  consider  the  transmitted  field.  Here  a  second  transducer  Is  used 
as  a  receiver  at  some  x  >  l>b.  To  obtain  a  reference  signal  the  specimen  Is 
removed  and  the  signal  through  water  Is  recorded. 
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then  from  eq  (6) 


f(t)  =  u1nc(l.t)  *  f0(wt-k01) 

Let  g(t)  be  the  total  transmitted  field,  rays  4,  8,  12,  ...» 


9(D  *  Ti2T2l  I  R21  f0[‘-t'ko1'M(2mfl^k-k0}) 
nv=0 


M-> 


T  T  e^^k-ko^ 
12  21e  0 


(26) 

(27) 


We  note  one  major  difference  between  eqs  (23)  and  (27).  Unlike  eq  (23),  eq 
(27)  Is  a  quadratic  in  2  =  exp(-ikh).  This  presents  some  additional  numerical 
problems.  These  are  discussed  next.  Equation  (27)  may  be  rewritten  as 


where 


„  _  T12T21  F*M 

1  ~  R  7  * 

*21*0  G  («,) 
Z0  =  exp(-ihko) 


(28) 


end  kQ  Is  the  wavenumber  in  water.  Since  the  phase  velocity  in  water  Is  known, 
Zq  Is  known  a  priori.  If  the  acoustic  Impedance  of  the  plate,  pc,  was  known, 
one  could  calculate  T^j  and  R^j.  However,  c  is  precisely  the  unknown  we  are 
seeking  to  measure.  This  problem  could  be  solved  by  a  simple  Iteration 
procedure.  An  approximate  phase  velocity  was  Initially  used  In  the  algorithm 
to  estimate  Tjj  and  R^j.  The  quadratic  equation  (28)  Is  solved  and  two  roots 
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of  Z  are  obtained.  The  correct  root  Is  chosen  based  on  the  fact  that  the 
phase  of  Z  decreases  as  frequency  Increases  (for  the  other  root  the  reverse  Is 
true).  This  velocity  Is  used  for  the  next  iteration  cycle.  This  procedure 
converges  very  rapidly.  When  we  purposely  supplied  an  Initial  phase  velocity 
with  a  very  large  error  (30%),  the  convergence  was  found  to  occur  in  about 
five  Iterations.  More  realistically,  the  wavespeed  can  be  estimated  to  within 
five  percent.  Here  convergence  to  within  0.01  percent  occurs  within  three  or 
four  Iterations.  When  the  value  of  c  obtained  by  this  procedure  was 
substituted  back  Into  eq  (28)  to  calculate  attenuation,  k2x  was  found  to  be  an 
oscillatory  function  of  frequency  for  a  linear  viscoelastic  material,  namely, 
an  epoxy.  Now,  it  is  well-known  that  for  a  such  a  material  k2x  is  a 
constant.  The  oscillating  nature  of  k2x  could,  however,  be  readily  explained 
as  follows.  A  detailed  numerical  examination  of  eq  (28)  revealed  that  the 
calculation  of  k2*  Is  very  sensitive  to  small  variation  In  the  phase  velocity 
c.  The  oscillations  were  due  to  the  fact  that  the  measured  velocity  was 
different  from  the  true  velocity.  This  problem  could  be  resolved  in  the 
following  manner.  If  one  takes  the  absolute  value  of  both  sides,  eq  (25)  can 
be  re-written  as  follows: 


4»hf  1  / 
cos  — —  +  2  ( 


T12T21  v2i  F*M 

~nc— )  \—*^~ 


'21 


G  (w) 


i  *  \  iRfi  eqf  ♦ 


1 

~^r 

K21e 


(29) 


where  q  *  2h  k2x/c. 

The  terns  In  eq  (29)  have  been  separated  judiciously  as  follows.  The  left 
hand  side  (LHS)  Is  a  function  of  wavespeed  only  while  the  right  hand  side 
(RHS)  depends  on  both,  the  wavespeed  as  well  as  the  attenuation.  The  RHS  Is  a 
sum  of  two  exponentials  and,  therefore.  Is  not  an  oscillatory  function  of 
frequency  f.  On  the  other  hand,  the  LHS  is  the  sum  of  a  cosine  function  of 
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frequency  and  «,he  experimentally  determined  F*(w)/G*(w)  which  was  found  to  be 
oscillatory.  Now  if  the  correct  value  of  c  Is  not  used  In  eq  (29)  the  periods 
of  the  two  terms  do  not  match  and  the  oscillatory  parts  do  not  cancel  each 
other  as  they  would  for  the  correct  value  of  c.  With  this  In  mind,  the  RHS  Is 
viewed  as  the  reference  curve  and  a  numerical  search  Is  made  around  the  value 
of  c  obtained  by  the  Iterative  procedure  described  earlier,  to  minimize  the 
root-sum-square  of  the  LHS.  This  fixes  c.  Now  we  view  the  LHS  as  the 
reference  curve  and  conduct  a  numerical  search  over  a  range  of  k£X  so  as  to 
minimize  the  root- sum- square  between  the  LHS  and  the  RHS.  This  fixes  l<2. 

Finally,  it  is  noted  that  the  theoretical  procedures  developed  in  this 
section  are  equally  valid  for  both  the  longitudinal  as  well  as  the  shear 
disturbances. 

3.  EXPERIMENTAL  PROCEDURES 
3.1  Measurement  Procedures 

A  schematic  of  the  apparatus  is  shown  in  Fig.  4.  The  heart  of  the  system 
is  a  pair  of  accurately-matched,  broad-band,  water- Immersion,  piezoelectric 
transducers.  An  experiment  Is  initiated  at  time  t=0  by  a  triggering  pulse 
produced  by  a  pulser/recelver;  the  pulse  Is  used  to  trigger  a  digitizing 
oscilloscope;  simultaneously  the  pulser/recelver  produces  a  short-duration 
(about  100  ns)  large -amplitude  (about  200  volts)  spike  which  Is  applied  to  the 
transmitting  transducer.  In  the  reflection  mode  it  also  acts  as  a  receiver. 
The  received  signal  Is  post-amplified  (to  about  one  volt)  and  then  digitized 
with  maximum  sampling  rate  of  100  MHz  (or  10  nanoseconds  per  point).  To 
reduce  the  ubiquitous  random  errors,  each  measurement  Is  averaged  over  a 
sample  size  of  64.  A  laboratory  computer  controls  all  operations  of  the 
digital  oscilloscope  through  an  IEEE  bus.  The  built-in  signal  processor  of 


the  oscilloscope  performs  FFT  on  the  acquired  signals  and  the  relevant  parts 
of  the  data  are  then  transferred  to  the  computer  for  further  analysis. 

3.2  Calibration  Procedures 

Since  our  objective  In  this  research  is  to  estimate  damage  in  composite 
materials  from  a  measurement  of  the  ultrasonic  parameters,  accuracy  Is  of 
prime  importance.  For  example,  one  percent  error  In  estimating  the  phase 
velocity  may,  for  some  typical  laminates,  correspond  to  a  ten  percent  error  In 
estimating  the  remaining  fatigue  life.  At  present,  we  can  measure  velocity  in 
monolithic  materials  to  an  accuracy  of  0.1%,  and  velocity  and  attenuation  in 
heterogenous  materials  to  an  accuracy  of  0.2%  and  2%,  respectively.  In  order 
to  achieve  this  accuracy  the  measurement  system  was  subjected  to  systematic 
calibration  procedures;  these  are  described  next. 

3.2.1  Sampling  Interval 

The  analog  signal  from  the  transducer  Is  digitized  at  a  specified 
sampling  interval  by  the  digitizing  oscilloscope.  The  object  of  this  study 
was  to  determine  an  upper  bound  on  the  sampling  Interval  below  which  the 
harmonic  distortion  was  considered  acceptable.  We  quote  here  the  limits  on 
the  sampling  Interval  as  specified  by  the  sampling  theorem  7,  "If  the  sampling 
Interval  T  Is  choseyv  equal  to  l/2fc,  where  fc  Is  the  highest  frequency 
component  of  the  signal,  aliasing  will  not  occur".  Aliasing  Is  defined  as 
"The  distortion  of  the  desired  Fourier  transform  of  a  sampled  function".  An 
experimental  verification  of  this  statement  is  given  here.  Figures  5  and  6 
show  the  amplitude  and  phase  response  of  a  10  MHz  transducer  at  sampling 
intervals  of  10  nS  (100  MHz),  20  nS  (50  MHz),  40  nS  (25  MHz),  and  100  ns  (10 
MHz).  The  highest  frequency  content  of  this  signal  Is  about  10  MHz  and  so  the 
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sampling  Interval  of  50  nS  would  be  acceptable  from  the  viewpoint  of 
aliasing.  It  Is  obvious  from  Fig.  5  that  at  10  nS  or  20  nS  sampling  Intervals 
the  frequency  content  of  the  signal  Is  essentially  the  same.  However,  at  40 
nS  sampling  Intervals  significant  distortion  of  the  amplitude  Is  observed;  but 
the  phase  remains  relatively  unaffected.  At  100  nS,  both  the  amplitude  and 
the  phase  plots  are  completely  distorted.  This  would  come  as  no  surprise  for 
here  we  are  sampling  only  one  point  per  cycle.  In  this  work  we  have  used 
either  10  or  20  nS  sampling  Interval. 

3.2.2  Frequency  Resolution 

It  is  seen  from  eqs  (15)  and  (18)  that  wavespeed  can  be  calculated  if  the 
slope  ($/f)  of  the  phase  vs.  frequency  curve  can  be  obtained.  The  FFT 
algorithm  provides  the  real  and  imaginary  components  of  the  transformed 
signals  and  from  these  the  phase  Is  calculated.  Computer  can  provide  the 
phase  angle  in  the  range  of  -  k/2  to  +  k/2  from  which  the  angle  in  the  range 
of  2k  can  be  deduced  very  easily,  depending  on  the  quadrant  in  which  the 
Phaser  lies.  Hence  we  obtain  a  sawtooth  type  phase  vs.  frequency  plot.  It 
was  observed  that  for  the  signal  under  consideration,  phase  increases 
monotonlcally  with  the  frequency.  Thus  the  sawtooth  plot  has  to  be  converted 
to  a  continuous  phase  vs.  frequency  curve  before  Its  slope  can  be  obtained  to 
calculate  the  wavespeed.  The  computer  algorithm  developed  by  us  tracks  the 
rotation  of  the  phase  vector  and  2k  radians  are  added  to  the  phase  each  time 
the  vector  completes  a  cycle. 

Let  the  sampling  Interval  be  T  and  the  total  number  of  sampled  points  be 
N.  The  total  length  of  the  signal  Is  TQ  *  (N-l)T.  Let  the  frequency 
resolution  be  af,  then  af  «  1/TQ  ■  1/(N-1)T.  The  consideration  of  aliasing 
fixes  T.  Hence  N  Is  the  only  parameter  that  can  be  adjusted  to  obtain  the 
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desired  frequency  resolution.  For  example.  If  the  desired 
af*0.05  MHz/point,  T  Is  10  nS,  then  N«2000  or  2048.  The  length  of  a  signal 
can  be  readily  Increased  simply  by  adding  zeros  at  the  end  of  the  signal.  Of 
course,  this  Is  accompanied  by  an  Increased  computation  time. 

3.2.3  Transducer  Response 

The  frequency  response  of  a  transducer  with  a  center- frequency  of  10  MHz 
Is  shown  In  Fig.  7.  Experience  Indicated  that  satisfactory  measurements  can 
be  made  over  a  frequency  range  (or  band  width)  given  by  25%  of  the  peak 
amplitude  response  as  shown  In  the  figure.  It  was  observed  that  the  phase  vs 
frequency  curve  over  this  range  is  a  straight  line;  outside  it  becomes  non¬ 
linear. 


4.  RESULTS  AND  DISCUSSIONS 
4.1  Wave  Propagation  in  Non-dlspersi ve  Media 

The  main  objective  of  this  work  is  to  develop  techniques  suitable  for 
very  thin  specimens.  Therefore,  we  subjected  our  techniques  to  the  following 
critical  test.  A  thick  aluminum  plate  (2.807  +  0.0025  mm)  was  first  tested 
using  the  conventional  toneburst  method.  Then  the  thickness  was  gradually 
machined  down  to  0.258  mm  (about  10  mil,  a  very  thin  foil)  In  five  steps.  In 
non-dimensional  terms  the  thickness  was  reduced  from  about  4.4  to  0.4 
wavelengths;  a  frequency  of  10  MHz  was  used.  At  each  step  c  was  measured,  we 
could  have  used  five  different  samples.  Instead  we  adopted  the  foregoing 
procedure  In  order  to  ensure  that  we  are  always  testing  exactly  the  same 
material.  The  density  was  measured  by  the  Archimedes  principle.  Our  estimate 
of  the  error  In  density  Is  t  0.015%.  The  results  are  presented  in  Table  1. 

O  Q 

The  first  measurement  was  made  using  the  conventional  toneburst  method0*7. 
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The  time-domain  signal  Is  shown  In  Fig.  8(a).  A  particular  peak  (say  the 
fourth  peak)  near  the  center  of  the  toneburst  Is  selected  as  the  reference 
peak.  The  twice-translt-tlme,  2h/c  could  be  measured  to  an  accuracy  of  1 
nS.  Our  estimate  of  error  In  the  phase  velocity  Is  0.2%;  see  Ref.  10  for  a 
detailed  error  analysis.  In  the  second  measurement  the  toneburst  was  reduced 
to  about  one  cycle;  see  Fig.  8(b).  Note  that  the  pulses  can  be  clearly 
separated.  The  Second/First  method,  eq  (15)  was  used  to  analyze  this  data. 
Since  only  the  first  two  pulses  are  needed  for  data  analysis,  the  remaining 
pulses  are  electronically  gated  out  or  nulled.  In  the  third  measurement,  the 
data  analysed  remains  the  same  l.e.  Fig.  8(b).  However,  the  All/First  method, 
eq  (27),  is  used.  In  other  words,  g(t)  is  now  viewed  as  the  sum  of  all 
transmissions.  For  the  remaining  measurements  the  specimen  was  gradually 
machined  down.  All/First  Method  was  used  to  analyze  the  data.  The  pulses  for 
h*1.686  mm  are  shown  in  Fig.  8(c).  Note  that  the  conventional  toneburst 
method  can  no  longer  be  used;  though  both  methods  developed  In  this  work  can 
be  used,  we  used  the  All /First  method.  The  pulse  for  the  next  three 
thicknesses,  h*1.001,  0.613  and  0.258  mm  are  shown  In  Figs.  8d,  8e,  8f, 
respectively.  Because  of  the  reduced  thickness  the  pulses  cannot  be  separated 
in  the  time  domain.  Therefore,  even  the  Second/First  method  cannot  be  used; 
here  we  have  to  use  the  All/First  method.  For  the  thinnest  specimen  the  round 
trip  time  is  only  82  nS;  the  pulse  duration  is  roughly  200  n$.  This  given 
rise  to  what  appears  to  be  "ringing"  In  Fig.  8f. 

With  reference  to  Table  1,  the  average  of  all  the  measurements  Is  6.342 
an/psec  ±  0.25%.  We  conclude  that  the  All/First  method  developed  for  ultra- 
thin  (sub-wavelength)  specimens  and  the  Second/First  method  for  moderately 
thin  (about  one  wavelength)  specimens  yield  results  which  agree  to  0.25%  with 
the  conventional  toneburst  method.  (We  hesitate  to  make  absolute  claims  on 
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accuracy  because  for  the  given  piece  of  aluminum  we  do  not  know  the  true  value 
of  the  phase  velocity). 

The  Ideal  method  for  "calibrating"  a  new  experimental  technique  Is  to  use 
It  to  measure  a  quantity  which  Is  known  with  a  ten  times  better  accuracy. 
Unfortunately,  the  National  Bureau  of  standards  has  not  yet  developed  a 
standard  for  acoustic  velocity  (or  elastic  modulll).  Our  laboratory  did, 
however,  participate  In  a  six-laboratory  ASTM  round-robin  conducted  by  Dr. 
Alan  Wolfenden^,  (Department  of  Mechanical  Engineering,  Texas  A&M  University, 
College  Station,  Texas  77843).  This  allowed  us  an  opportunity  to  compare  our 
error-estimates  with  those  of  the  others.  The  material  tested  were  two 
nickel-based  alloys;  see  Table  2  for  a  material  and  geometric  description. 
Since  these  specimens  are  very  very  "thick"  (several  wavelengths),  the 
Second/First  method,  eq  (15),  was  used.  Furthermore,  shear  velocity  was  also 
measured.  Here  a  shear  (or  Y  cut)  transducer  was  directly  cemented  onto  the 
metal  specimen  using  a  shear  couplant.  Ignoring  the  "main  bang,"  the 
remaining  reflected  signal  was  collected.  From  the  measurements  of  the 
longitudinal  and  shear  velocity,  c^  and  Cg,  and  density  p,  the  elastic 
constants  E  and  v  can  be  readily  calculated.  The  results  of  the  round-robin 
test  are  presented  In  Table  3.  Reasonably  good  agreement  (within  2.5%)  is 
observed  between  the  results  obtained  in  different  laboratories  using 
different  techniques. 

Next,  we  have  tested  our  experimental  method  on  a  medium  which  Is  non- 
dispersive  but  attenuatlve.  An  epoxy  (EPON  828Z)  was  selected  for  this 
purpose.  The  results  are  presented  In  Table  4.  Note  that  three  frequencies, 
spanning  nearly  a  decade,  were  used.  The  phase  velocity  measured  by  the 
toneburst  method  on  a  thick  specimen  Is  2.915  mn/wsec  and  agrees  very  well 
with  that  measured  with  the  All/First  technique. 


20 


4.2  Wave  Propagation  In  Dispersive  Media 

Finally,  we  have  tested  our  experimental  procedures  on  a  material  which 
Is  simultaneously  highly  dispersive  as  well  as  highly  attenuatlve.  Towards 
this  end  we  tested  a  random  particulate  composite  consisting  of  lead  spheres 
In  an  epoxy  matrix.  These  composites  have  been  described  in  12 *13. 
Transducers  with  0.25  MHz  center-frequency  were  employed.  Second/First  method 

In  through-transmission  mode,  eq  (16),  was  used. 

1 1 

Kinra  has  shown  that  wave  propagation  In  these  composites  occurs  along 
two  separate  branches:  (1)  The  low-frequency,  slower,  acoustical  branch  along 
which  the  particle  motion  is  essentially  In  phase  with  the  excitation  and  (2) 
The  high-frequency,  faster,  optical  branch  along  which  the  particle  motion  Is 
essentially  out  of  phase  with  the  excitation.  The  two  are  separated  by  a  cut¬ 
off  frequency  which  corresponds  to  the  excitation  of  the  rigid-body- 
translational  resonance  of  the  heavy  inclusions;  this  occurs  when  kja  =  0(1), 
where  a  Is  the  inclusion  radius.  Around  the  cut-off  frequency  both  the  phase 
velocity  and  the  attenuation  change  dramatically  with  frequency.  This  is  what 
makes  this  composite  such  an  Interesting  material  to  study  using  our  technique 
which  was  developed  especially  for  dispersive  media. 

The  results  for  a  dispersive  material  are  presented  now.  In  Fig.  9 

*  * 

F  (w)  is  the  received  signal  with  the  specimen  removed  while  G  (u>)  is  the 

signal  with  the  specimen  In  place;  c  Is  the  volume  fraction  of  inclusions. 

The  dip  In  the  amplitude  of  G*(w)  corresponds  to  the  cut-off  frequency.  The 

present  measurement,  f c»0. 21  MHZ.,  agrees  quite  well  with  the  earlier 

measurement using  the  conventional  tone-burst  method.  We  now  Introduce  a 

normalized  frequency  o  =  k^a  ■  2*fa/c^  and  a  normalized  wavenumber 

5  *  <kj>  a  ■  2*fa/<Cj>  where  <  >  refers  to  an  aggregate  property  of  the 
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composite  (an  ensemble  average).  Fig.  10  shows  the  frequency  vs  wavenumber 
plot.  As  expected*2,  along  the  acoustical  branch  at  low  frequencies  the 
behavior  is  non-dlsperslve;  a  straight  line  fitted  through  the  data  points 
passes  through  the  orgln  (<c^>/c^  =  q/O.  Same  was  noted  at  high 
frequencies  along  the  optical  branch.  These  two  observations  serve  as 
critical  checks  on  the  accuracy  of  our  measurement.  The  normalized  phase 
velocity  Is  given  by  the  slope  of  the  secant,  <c1>/c1  *  o/c,  and  the  group 
velocity  Is  given  by  the  slope  of  the  tangent,  <c  >/Cj  =  do/ds.  The 
discrete  toneburst  data  from  the  earlier  work*2-*4  Is  also  plotted;  the 
agreement  is  considered  quite  satisfactory.  The  present  technique  is 
tremendously  faster;  the  entire  dispersion  and  attenuation  curve  is  produced 
in  a  single  experiment.  Another  major  advantage  of  this  method  Is  as 
follows.  When  one  uses  the  toneburst  method,  each  point  suffers  a  scatter  due 
to  random  errors;  see  Fig.  10.  In  the  present  method  the  whole  curve  may 
shift  up  or  down  but  the  shape  of  the  curve  will  not  be  altered  by  the  random 
errors.  Here  we  are  mainly  Interested  in  the  shape  of  the  dispersion  curve. 
Fig.  11  shows  the  normalized  phase  velocity  versus  frequency.  The  arrow 
labelled  HASHIN  is  the  velocity  calculated  from  the  lower  (appropriate)  static 
bound  due  to  Hashln  and  Shtrlkman*^.  The  agreement  between  the  theory  and  the 

low-frequency  results  Is  considered  quite  satisfactory.  As  Q  Increases  the 

2 

effective  Inertia  of  the  lead  spheres  (~pw  )  increases  and  the  phase  velocity 
decreases.  At  very  high  frequencies  (It  is  conjectured)  the  Inertia  becomes 
so  large  that  the  spheres  become  essentially  motionless.  Thus  they  no  longer 
contribute  to  the  Inertia  of  the  composite  as  perceived  by  the  effective 
wave.  Hence  the  velocity  Increases  dramatically  across  the  cut-off  frequency 
and  becomes  frequency-independent  at  very  high  frequencies.  Fig.  lib  shows 
the  group  velocity  l.e.  the  speed  with  which  energy  flows  In  a  composite.  As 
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expected,  the  group  velocity  Is  essentially  constant  at  low  and  high 
frequencies;  around  the  cut-off  frequency,  ac.  It  undergoes  large 
fluctuations.  Theoretically,  c^-*-  at  two  points  around  the  cut-off 
frequency.  Perhaps  the  most  Interesting  feature  is  that  the  group  velocity 
becomes  negative  around  cc,  i.e.  as  the  wave  propagates  in  the  positive  x- 
dlrectlon,  the  energy  flows  In  the  negative  x-direction.  In  Fig.  10  this 
corresponds  to  those  points  on  the  curve  where  the  slope  Is  negative. 

In  Fig.  12  we  have  plotted  attenuation  versus  frequency.  The  peak  in  the 
curve  defines  the  cut-off  frequency.  For  comparison  k^x  for  the  neat  epoxy 
alone  is  0.13  which  is  negligibly  small  compared  to  the  peak  attenuation. 
Thus  all  of  k2x  may  be  attributed  to  the  scattering  effects. 


4.3  QNDE  of  Damage  in  Composite  Materials 

Me  now  demonstrate  the  application  of  our  technique  to  fiber-reinforced 
composite  materials.  Graphite/Epoxy  AS4/3502  crossply  f 0g/904/02 1 s  laminates 
were  tested.  These  were  subjected  to  monotonic  tensile  loading.  As  a  result 
transverse  cracks  develop.  Edge  replication  was  made  to  obtain  a  record  of 
the  transverse  cracks.  The  loading  was  interrupted  at  several  points  along 
the  load  axis,  the  coupon  was  subjected  to  an  ultrasonic  examination  and  the 
loading  was  resumed.  The  Second/First  method  in  the  reflection  mode,  eq  (15), 
was  used.  In  Fig.  13  we  have  also  shown  the  portion  of  the  edge  replication 
which  Is  insonlfied  by  the  ultrasonic  beam.  The  number  of  cracks  seen  by  the 
beam  Is  also  listed.  Note  that  we  have  not  plotted  the  attenuation  k2x  but 
rather  the  changes  In  k^x  caused  by  this  damage.  To  guard  against  for 
fortuitous  results  three  different  frequencies  were  used,  namely,  2.25,  5.00 
and  7.50  MHz.  Me  note  that  attenuation  changes  quite  significantly  and 
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monotonically  with  the  number  of  transverse  cracks.  We  also  note  that  in  the 
range  of  frequency  tested,  the  attenuation  decreases  with  frequency.  This  may 
be  attributed  to  the  fact  that  these  experiments  were  conducted  at  k^a=1.23, 
2.70  and  4.02,  where  a  is  the  half-crack-length,  at  2.25,  5.00  and  7.50  HHz, 
respectively.  Fig.  14  shows  the  longitudinal  phase  velocity  at  the  same  three 
frequencies.  Within  the  errors  of  measurement,  ±0.2X,  the  phase  velocity 
remains  constant  with  damage.  This  is  not  at  all  surprising,  in  view  of  the 
fact  that  here  the  wave-vector  (or  the  particle  displacement  vector)  is 
parallel  to  the  crack  face  i.e.  the  crack-wave  interaction  is  very  weak.  Thus 
we  conclude  that  for  the  present  case  while  the  attenuation  is  a  good  measure 
of  the  damage,  velocity  is  not. 


5.  CONCLUSIONS 

We  have  described  a  new  experimental  technique  which  can  be  used  to 
measure  phase  velocity  and  attenuation  of  ultrasonic  waves  in  very  thin  plates 
(down  to  a  thickness  which  is  three  orders  of  magnitude  smaller  than  the 
wavelength).  We  emphasize  that  In  the  development  of  this  technique  we  have 
taken  a  "black-box"  approach  I.e.  It  would  work  for  any  material  so  long  as  it 
behaves  in  a  linear  viscoelastic  material  and  the  attenuation  is  not  large. 
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APPENDIX 
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Consider  one-dimensional  monochromatic,  time-harmonic  wave  propagation 

along  a  rod  made  up  of  a  linear  viscoelastic  material,  eH«t-kx).  At  any 

frequency  w  the  complex-valued  wavenumber  Is  k(w)  =  kj(u>)  +  1k2(w).  If 

attenuation  Is  small  the  phase  velocity  c  *  u/k.;  k9  Is  the  attenuation  i.e. 

-k2x  1  L 

the  amplitude  of  the  wave  decays  as  e  .  Now  suppose  a  pulse  Is  propagating 

down  this  rod  and  is  given  at  x=0  by  f(t). 

Let 

F*(«)  =  777  A(t)  e1wtdt  (A  I) 

-O) 

Then 

f(t)  *  777  J  F  (uj)  eiwtduj  (A  2) 

•  CD 

For  the  sake  of  this  discussion  f(t)  may  be  viewed  as  an  infinite  sum  of 
wavelets  of  the  type. 


f (t)  =  (F  eiwt  (A  3) 

Consider  a  propagating  monochromatic  "wavelet"  of  complex-amplitude, 
F  (wlAw  e1(wt-kx) ^  jn  f(t)  may  v  1  e v^e d  as  an  Infinite  sum  of  such 

"wavelets"  at  x=0.  Furthermore,  at  some  arbitrary  x  the  wavelets  may  be 
summed  up  to  yield 

g(t )  «  f  (F  e1kx)  eiwt 

•  OB 
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If  G*(u)  is  the  Fourier  transform  of  g(t)  then 

G  (u)  =  F  (u)  e1lcx 

or 

G*M  =  §ikx 

M-) 

We  have  shown,  therefore,  that  eq  (12)  which  was  originally  derived  for  a 
perfectly  elastic  material  Is  valid  for  a  linear  viscoelastic  material 
provided  the  attenuation  is  small  (t^/k^  *  0.1)  which  is  generally  the  case 
with  engineering  materials  and  certainly  is  the  case  for  all  materials  tested 
during  this  work. 
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TABLE  1.  Test  Results  on  Aluminum  Sample 


Material: 
Wave  Type: 
Mode: 

Frequency: 

Density: 

Aluminum 

Longitudinal 

Transmission 

10  MH2 

2.8177  ±  0.0004  g/ml 

h 

h/x 

c 

o/C 

Technique 

Reference 

mm 

mm/ Msec 

% 

Figure 

2.807 

4.4 

6.3572 

Toneburst 

8a 

2.807 

4.4 

6.3239 

0.013 

Second/First 

8b 

2.807 

4.4 

6.3275 

0.010 

All/FIrst 

8b 

1.686 

2.7 

6.3461 

0.040 

All/First 

8c 

1.001 

1.6 

6.3538 

0.030 

All/First 

8d 

0.613 

0.96 

6.3594 

0.130 

All/First 

8e 

0.258 

0.4 

6.3231 

0.140 

All/First 

8f 
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TABLE  2:  Results  of  ASTM  Round-Robin  Tests  of  HI  based  alloys 


Sample  1  :  INCOHEL  ALLOY  600 

Composition:  Hi  37.46,  C  0.01,  Co  14.38.  Hb  4.71,  T1  1.46,  Fe  41.98 

Test  Frequency:  5.0  MHz 
Mode:  Reflection 

Sample  2  :  IHCOLOY  ALLOY  907 

Composition:  Hi  74.91,  Cr  15.48,  C  0.08,  Fe  9.53 


SAMPLE 

■g 

P 

g/ml 

C1 . 

mm/ u sec 

mm/ysec 

E  2 

GH/nr 

V 

1.2* 

6.263 

8.371 

BP*  WP i  WffSKBpa»B 

216.9  ±  0.14% 

0.2960  ±  0.20% 

1.4 

6.365 

8.373 

216.6  ±  0.15% 

0.2960  ±  0.20% 

2.1 

18.848 

8.267 

5.273 

163.0  ±  0.26% 

0.3153  +  0.18% 

*  The  first  digit  (1  or  2)  refers  to  the  alloy  while  the  second  digit  (1-4) 
is  merely  to  identify  different  physical  specimens. 
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TABLE  3:  Comparison  of  ASTM  Round  Robin  Tests  for  the  Young's  Modulus,  E 


SAMPLE/LAB 

1.1 

1.2 

1.3 

1.4 

2.1 

2.2 

2.3 

1 

218.0 

218.0 

218.1 

216.9 

218.5 

- 

161.5 

159.9 

157.2 

2 

210.5 

209.2 

- 

- 

164.1 

- 

155.7 

3 

218.8 

216.0 

217.5 

162.0 

_ 

217.0 

- 

161.8 

- 

158.4 

216.2 

217.3 

160.8 

4 

212.0 

- 

205.0 

- 

156.0 

- 

172.0 

5 

215.6 

- 

214.2 

- 

156.0 

- 

162.0 

6(This  Work) 

- 

216.9 

- 

216.6 

163.0 

- 

- 

7 

203.0 

- 

210.3 

- 

156.8 

- 

155.8 

158.0 

Units  for  above  values:  GN/mZ 
Techniques:  - 

LAB.  1,  2,  7  Free-Free  Beam 

LAB.  3  Impulse  Fourier 

LAB.  4  Pulse-Echo-Overlap  Ultrasonic 

LAB.  5  Piezoelectric  Ultrasonic  Oscillation  (PUCOT) 

LAB.  6  This  work 
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TABLE  4:  Test  Results  on  Epon  828-Z  Epoxy 


Material:  Epon  828-Z  epoxy 

Wave  Type:  Longitudinal 
Mode:  Transmission 

Specimen  thickness  1.869  mm  ±  0.0025 
Specimen  density  1.2069  ±  0.0004  g/ml 


f 


Test  Frequency 
MHz 

Wave speed 
mm/usec 

0 

X 

k2X 

0 

% 

Techni que 

1.0 

2.874 

0.1 

0.1340 

1.4 

All/First 

5.0 

2.884 

0.14 

1.5 

All/First 

10.0 

2.915 

0.08 

All/First 

10.0 

2.915 

0.24 

0.0979 

2.2 

Toneburst 
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ABSTRACT  A  fully  computerized  technique  for  the  measurement  of 
wavespeed  and  attenuation  has  been  developed.  The  tech¬ 
nique  can  be  applied  to  a  thin  specimen  .  It  has  been  used  to  me¬ 
asure  damage  in  specimens  made  of  Magnamite  AS*4/3502  Graphite/ 
Epoxy.  It  has  been  observed  that  attenuation  is  a  reliable  mea¬ 
sure  of  damage  due  to  microcracks.  To  the  best  of  our  knowledge 
this  is  the  first  technique  which  can  be  used  to  interrogate  very 
thin  specimens . 

INTRODUCTION  It  is  well  known  that  fiber-reinforced  composite 
materials  develop  a  complex  damage  state  when  sub¬ 
jected  to  mechanical  or  thermal  loading.  The  residual  strength  or 
fatigue  life  depends  upon  the  current  state  of  damage.  When  the 
damage  occurs,  it  has  two  effects  upon  the  propagation  of  a  mech¬ 
anical  wave  through  the  compos i t e : 1 . I t  affects  the  stiffness  and, 
therefore,  the  speed  of  wave  propagation;  2. It  increases  the 
attenuation  of  the  wave.  Thus  the  ultrasonic  parameters , wavespeed 
and  attenuation,  are  a  measure  of  the  damage  of  the  composite. 

A  new  technique  of  ultrasonic  NDE  of  composites  is  present¬ 
ed  here.  Ultrasonic  NDE  has  been  around  for  years.  However,  none 
of  the  existing  techniques  work  satisfactorily  for  thin  laminat¬ 
es  for  the  following  reason:  the  wave  reflection  from  laminate 
faces  are  too  close  in  the  time  domain  and  interfere  with  each 
another.  A  new  technique  has  been  developed  based  on  the  follow¬ 
ing  theorem  of  the  theory  of  Fourier  transforms:  the  closer  two 
events  are  in  the  time  domain,  the  farther  apart  are  the  corres¬ 
ponding  events  in  the  frequency  domain.  The  technique  developed 
here  yields  accurate  measurements  of  wavespeed  (or  stiffness)  and 
attenuation  (or  damping)  of  longitudinal  and  shear  waves  in  the 
thickness  direction. 

The  development  of  the  technique  and  some  results  from  its 
application  to  f iber-reinforced  compos i te , Graphi te/Epoxy  ASh/3502 
laminates,  of  a  variety  of  stacking  sequences  are  presented. 
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TESTING  AND  EVALUATION 


THEORETICAL  ANALYSIS  Consider  a  plate  of  a  linear  viscoelastic 

material  sandwiched  between  two  half-spaces 
of  perfectly  elastic  materials.  Consider  also,  a  finite  duration 
pulse, ray  1,  incident  at  the  viscoelastic  plate  as  shown  in  fig.l. 


Fig.1  Pulse  reflection  and  transmission  by  a  plate. 

Due  to  the  mismatch  in  the  acoustic  impedence  of  the  three 
materials,  there  will  be  an  infinite  series  of  reflected  and  tra¬ 
nsmitted  pulses.  These  pulses  contain  information  about  the  acou¬ 
stic  properties  of  the  viscoelastic  material. 

Let-c  the  displacement  field  along  the  incident  ray  1  be  given 
by  u  c  =  f(wt-k0x),  where  f(s)Z0  for  s<0  and  u>  and  k0  are 
circular  frequency  and  wavenumber  of  the  first  hal f - s pac e  ,  r e s- 
pectively.  The  total  reflected  field  is  the  sum  of  the  following 
rays,  with  (h=b-a  and  s=wt+k0x). 

u 2 =R , j f ( s-s 2  )  ;  sz=2k0a 

u‘=T, jR2  jT j [f (s-ss)  ;  s6*2k0a+2kh 

u1 °  =  T, 2R2  3Rj j  R  2 3T2  jf (s-s,  0)  ;  sl0  =  2k0a+^kh 

where  T. . ’Transmission  coefficient  from  medium  i  to  j 

R..=Reflection  coefficient  from  interface  of  media  i&j 
Jwith  wave  incident  in  medium  i 
The  sum  of  these  rays  is 


ur=RlJf(s-2k„a)+T1  jRJ3Tj  J(H12R23)II1'1f(s-s  );s  =2k0a  +  m2kh  (1) 

m  =  0 

Similarly,  the  sum  of  the  transmitted  field  can  be  written 
as  « 

u  =T 1 2 3 1 ( R 2 1 R2 3 ) ( S-s  ) ;  s  -a ( k0 -k 3 ) +h[ ( 2m+ I  )  k-k  ,  ]  (2) 

m«=Q 

It  is  to  be  noted  here  that  k  for  a  viscoelastic  plate  is  a 
complex  wavenumber. 

If  we  consider  a  plate  immersed  in  water  then  in  the  above 
analysis,  the  two  half  spaces  are  identical  and  the  equations  (1) 
and  (2)  reduce  to  • 

ur«R j 2f ( s-2k 0a ) +T , 2R2 ,T2 , £r \ [ra_ 1 } f ( s-s  );  s  =2k0a+m2kh 

t  “  ?m  m=1  m  m 

u  =Ti iT2 i i f(s-sm) ;  sm-h[ ( 2m+ 1  )  k-k  „  ] 
m  =  0 

Let  us  define  the  Fourier  Transforms  as 


F  *  (  w )  ■ 


vh 


CO 
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from  these  we  get 


#  l  ?k  a  * 

F0  (ui)=el2k°aF  U)  inc 

If  the  incident  field  is  u  «f  0  ( tot-k  c  x  )  ,  the  reflected  field 
is  given  by  u=Rf 0 ( ut- k 0 x-2 k „ a )  where  R  =  ( p 0 c 0 - pc ) / ( p „ c 0  +  pc ) .  Let 
the  reflected  signal  as  sensed  by  the  transducer  be  f(t),  then 
f  ( t ) -f 0 ( wt- 2k 0 a ) .  It  can  be  readily  shown  that  at  x  =  0,  the  total 
reflected  field  is  given  by 


ur  (  0  ,  t )  _|F*(lo)da)ei<ut[R1  2e 


-  i  2  k  0  a 


+  £g  e-i {2k0a+2mkh} ^ 
rn  =  1  m 


where  3m=Ti2R2JT21R2[m_1 5 

r>  # 

Let  u  (0,t)=g(t)  and  G  (oj)  be  the  Fourier  transform  of 


g(  t )  ,  then 


^me 

m=  1 


-  i  2mkh 


2  i  k  0  a 


R12^ 


Since  1+z+z2+z3+  - =1/(l-z)  for  |z|<1 

Equation  (3)  can  be  written  in  thg  form 

„  G 


R  he 


-i2kh  S_  u  .  gJijLif..  ] 

-  1  +  B-  where  1  J 


*  * 
By  measuring  F  (  FFT  of  the  front  surface  reflection  and  G 

( FFT  of  the  total  signal  with  all  reflections)  the  complex  valued 
k  (  w )  =k  t  +  i  k  2  can  be  obtained  from  eq.(ii). 

Similarly,  from  the  transmitted  field  it  can  be  shown  that 


—  i h  C k-k, 


G*  (u) 


1-R22e 


-  i  2  k  h 


T 1 2T  2 1 F  (u) 


* 

Here  r  is  the  FfT  of  the  signal  at  the  receiver  when 
there  is  no  sample  and  G  is  the  FFT  of  the  total  signal  after 
the  sample  has  been  introduced  in  the  path. 

The  preceeding  analysis  is  useful  even  when  the  sample  is 
thin  and  the  pulses  in  the  received  signal  are  indistinguishable 
from  each  other.  However, if  the  pulses  can  be  seperated  out  then 
any  two  pulses  can  be  used  to  obtain 


* 

G 

-1-T,,Tal  e-l2kh  (6) 

**  *  # 
where  F  is  the  FFT  of  the  first  pulse  and  G  is  the  FFT  of 

two  pulse3.  Substituting  k-k,+ik2  into  eq.(6),  where  kl  =  2IIf/c,  k2 
is  attenuation,  c  is  wavespeed  and  f  is  frequency  and  comparing 
the  real  and  imaginary  terms  on  the  two  sides  we  get 
k  ,  «2Ilf /c«4>/2h  or  c- *HIh/ (  $/f  )  anc^  attenuation  k  2  =  j,  1  n$J  -  In  ( T  ,  2T2  ,  )  J 
where  *  is  the  phase  of  G  /F  -1  and  M-|G  /F  -ij.  Detailed 
derivation  of  these  equations  is  given  in  [1]. 


TECHNIQUE  DEVELOPMENT  Keeping  in  view  the  tremendous  speed  and 

reliability  which  can  be  achieved  by  using 
computers  for  collection  and  analysis  of  data,  the  equations  dev- 
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eloped  above  were  interpreted  in  a  way  most  suitable  for  computer 
analysis.  Several  potential  sources  of  errors  were  studied  next. 
These  are:(1)  Sampling  interval, (2)  Frequency  resol ut i on , ( 3  )  Tra¬ 
nsducer  response  and  (4)  Adequacy  of  pulse  seperation.  The  first 
factor  is  the  digitizing  interval  for  the  signal.  FFT  of  a  10  MHz 
signal  at  10ns(100  MHz),  20ns(50  MHz)  and  HO  ns(25  MHz)  sampling 
intervals  was  studied.  It  was  observed  that  at  10  or  20  ns  the 
frequency  content  of  the  signal  is  essentially  the  same.  However, 
at  ^0  ns  sampling  interval  the  signal  loses  seme  of  its  high  fre¬ 
quency  content.  The  second  factor  considered  was  the  resolution 
of  the  signal  in  the  frequency  domain.  A  sampling  frequency  of  50 
MHz  or  higher  is  being  used  and  a  resolution  of  0.1  MHz  or  less 
on  the  frequency  domain  is  considered  adequate.  The  third  factor 
considered  was  the  useful  range  of  the  transducer  frequency 
response.  The  FFT  of  the  first  pulse  is  shown  in  Fig.  2b.  It  was 
found  that  satisfactory  measurements  can  be  obtained  over  a  freq¬ 
uency  range  given  by  25?  of  the  peak  amplitude.  Fourthly,  with 
reference  to  Fig. 2a,  another  source  of  error  is  that  the  operator 
has  to  decide  where  the  first  pulse  ends  and  the  second  one 
starts.  Hence  as  described  in  the  theoretical  analysis  section, 
methods  have  been  developed  where  the  full  signal  is  analysed  as 
given  in  eqs.(if)  and  (5).  For  further  details  see  [1].  The  work 
presented  here  is  for  specimens  where  the  two  pulses  can  be 


Fig. 2  (a)Two  gated  pulses  of  the  reflected  signal  (b)FFT  of  First 
pulse  (c)  Phase  vs  frequency  for  aluminum  specimen. 

EXPERIMENTAL  PROCEDURE  The  block  diagram  of  the  experimental 

setup  is  as  shown  in  fig.  3a.  The  speci¬ 
mens  were  fabricated  using  Magnamite  AS1!/ 3502  graphite  prepreg 
tape  made  by  Hercules  Inc.  All  specimens  were  of  11"x1"x  variable 
thickness.  The  specimens  were  loaded  on  Instron  Model  1125.  The 
tests  were  conducted  at  a  crosshead  speed  of  0.05  in/  min.  Edge 
replication  was  done  with  the  specimens  under  a  nominal  load  to 
open  up  the  transverse  cracks. 

In  order  to  insure  that'  each  transducer  was  interrogating 
the  same  area,  a  square  window  was  attached  to  the  circular 
transducer  as  shown  in  fig. 3b.  These  windows  were  made  of  room- 
temperature-curing  silicone-rubber  mixed  with  PMMA  particles.  To 
ensure  that  the  tests  were  not  affected  by  the  temperature  varia¬ 
tions,  the  bath  temperature  was  controlled  to  ±0.5°C.  To  elimina¬ 
te  the  water  absorption  by  microcracks,  the  edges  of  the  cracked 
specimens  were  coated  by  strippable  lacquer  (  Sherwin  Williams  )  . 
To  avoid  the  spatial  irregularities  of  the  composite  (ie  matrix 
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cr  fiber  rich  regions,  thickness  variations,  surface  marks  etc), 
to  effect  the  measurements,  tabs  were  provided  on  the  specimen  to 
replace  it  in  the  water  bath  to  within  ±0.001  in.,  after  each 
mechanical  loading. 


Fig. 3(a)  Block  diagram  of  the  experimental  setup. 

(b)  Window  attachment  on  the  transducer. 

RESULTS  The  technique  developed  here  was  first  applied  to  an 
aluminium  sample.  Fig. 2a  shows  the  first  and  second  gat¬ 
ed  pulse  for  the  aluminium  sample  and  the  phase  vs  frequency  plot 
is  shown  in  fig.  2c.  The  phase  as  calculated  by  the  computer  is 
modulo  2  n .  It  is  converted  to  a  continuous  phase  by  adding  2  n 
after  each  cycle  completion.  Slope  of  the  phase  vs  frequency 
plot  gives  the  group  velocity.  It  was  found  that  for  the  samples 
tested, the  group  velocity  was  very  close  to  the  phase  velocity  as 
the  phase  vs  freq.  plot  was  essentially  a  straight  line.  The  wav¬ 
es  p  e  e  d  calculated  from  this  plct  was  precise  to  ±0.025  when  the 
specimen  was  not  moved.  If  the  specimen  was  removed  between  tests 
and  replaced  the  precision  is  reduced  to  ±0.15.  The  same  tests 
were  repeated  with  heavily  damaged  composite  specimen  and  the 
precision  of  the  tests  was  found  to  be  ±0.25. 

The  errors  in  the  measurement  of  attenuation  were  larger.  It 
was  found  that  the  attenuation  could  be  measurement  with  a 
precision  of  ±1.05.  All  the  results  are  presented  with 
attenuation  in  the  non-dimensional  form  ie  k.A.  Fig.fJ  shows  the 
edge  replications  of  the  damage  states  and  the  corresponding 
attenuation  vs  frequency  curves.  At  lower  frequencies  the 
attenuation  is  more  sensitive  to  the  damage  than  at  higher  freq¬ 
uencies.  It  is  observed  that  the  attenuation  gives  a  very  good 
measure  of  the  extent  of  microdam age  in  the  off-axis  plies. 

Fig. 5  shows  the  variation  of  the  attenuation  as  the  crack 
length  increases.  Here, the  crack  length  is  the  measure  of  the 
number  of  cracks  and  is  the  total  length  of  the  cracks  in  the 
field  of  measurement. 

When  there  are  less  cracks  :n  the  specimen  then  there  is 
some  amount  of  scatter  in  the  attenuation  measured,  but  as  the 
total  crack  length  increases  the  measurement  becomes  steady.  For 
details  of  these  results  see  [2]. 

CONCLUSIONS  A  new  technique  for  the  measurement  of  wave  speed  and 
attenuation  of  ultrasonic  waves  has  been  developed. 
To  the  best  of  our  knowledge  this  is  the  first  technique  that 
gives  satisfactory  results  even  fcr  very  thin  specimen. 
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TESTING  AND  EVALUATION 


The  technique  has  been  applied  to  fiber-reinforced  composite 
material  specimens.  It  was  found  that  whereas  the  wave  speed  (  or 
stiffness)  is  rather  insensitive  to  transverse  cracking.  the 
through- the- t hi ckne ss  attenuation  is  a  sensitive  measure  of  the 
damage  state  and  hence  is  a  potential  damage  metric. 


Fig. A  Edge  replications  of  damage  state  and  attenuation  vs 

frequency  plot. 


4  £  r< 

Crack  Ler.gt.fi  vtr.r. ) 


Fig. 5  Attenuation  vs  crack  length  for  a  graphite/epoxy  specimen. 
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abstract 

Wavespeed  and  attenuation,  the  ultrasonic  parameters  are 

affected  by  the  internal  structure  or  damage  of  the  material. 
Accurately  measured  ultrasonic  parameters,  in  a  composite  coupon 
are  thus  arr  Indicator  of  the  extent  of  the  cumulative  damage  in 
the  coupon.  A  through-transmission  water- immersion  technique  has 
teen  developed  for  the  measurement  of  the  ultrasonic  parameters, 
'he  method  utilizes  the-  Fast  Fourier  Transforms  to  convert  the 
time  domain  signal  to  the  Frequency  domain  signal.  Computers  are 
ased  for  the  acquisition  and  analysis  of  data,  for  accuracy  and 
s?ced.  This  technique  can  be  used  to  measure  the  ultrasonic 
Parameters  of  coupons  of  any  thicknes-s  and  material.  The 

'-echnique  presented  here  has  been  used  to  measure  damage  in 
specimen  made  of  Magnamite  ASH/3502  Graphite/Fpoxy.  It  has  been 
observed  that  attenuation  increase  due  to  raicrocracks  is  a 
r-liable  measure  of  the  damage  in  the  composites.  To  tne  best  of 

I  tur  knowledge,  this  is  the  first  technique  which  can  be  used  to 

interrogate  specimens  of  any  thickness. 

introduction 


Fiber-Rein forced-Coroposites  have  been  in  use  as  structural 
-embers  for  a  considerable  amount  of  time  and  various  methods  are 
a/3llable  for  their  testing.  A  detailed  review  of  the  methods  and 
A^cr.niques  available  may  be’found  in  (1). 

.  The  complex  damage  state  developed  due  to  the  loading 

Mechanical  or  thermal)  of  composite  materials,  changes  the 
s-iffness  and  the  damping  characteristics'  of  the  material.  When 
ultrasonic  wave  is'passed  through  the  composite,  the  wavespeed 
*‘7d  attenuation  measurements  give  the  stiffness  and  damping  of 
^ ‘e  material.  Changes  in  wavespeed  and  attenuation  are  thus  a 
-•asure  of  the  damage  in  the  composites.  It  is  our  endeavour  to 
^  -  v  e  1  o  p  techniques  to  measure  these"  ultrasonic  parameters 
.^Curately,  repeatably  and  quickly.  We  have  used  computers  for 
* '  e  collection  and  analyst-  of  data,  with  least  human 
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intervention,  so  that  the  techniques  can  be  automated. 

The  toneburst  method  has  been  the  most  basic  method  of  the 
wavespeed  measurement.  Since  broad  bursts  of  the  signal(about  5 
cycles  )  are  used  in'  this  method,  it  cannot  be  used  when  the 
reflections  from  the  front  and  back  surfaces  of  the  specimen 
interfere.  A  computerized  pulse  technique  was  presented  in  (2) 
for  the  measurement  of  wavespeed  and  attenuation.  This  method 
also  depends  on  the  seperation  of  pulses  and  though  thinner 
specimens  could  be  tested,  since  a  single  pulse  is  being  usee, 
the  technique  failed  when  the  pulses  started  interrering. 

We  present  here  a  technique  which  can  be  applied  to 
specimen  of  any  thickness.  A  pitch-catch  signal  pulse  of  a  ^  MHz 
transducer  is  shown  in  Fig  la.  When  a  10  ply  composite  specimen 
is  introduced  in  the  path,  the'  fotal  signal  received  is  shown  in 
Fig  1b.  The  technique  presented  here  is  capable  of  calculating 
wavespeed  and  attenuation  from  the  signals  of  Fig  1. 
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Fig.  la.  Pitch-Catch  signal  of  a  1  MHz  transducer,  b.  Signal  when 
a  10  ply  composite  specimen  introduced  in  the  path. 

The  development  cf  the  technique  and  some  results  from  its 
application  to  fiber  reinforced  composite  Graphite/Epoxy  ASW25C2 
laminates  with  stacking  sequences  [0,90^3  are  presented. 

THEORETICAL  ANALYSIS 

Consider  a  plate  of  a  linear  viscoelastic  material  sand- 
fe-  i  c  h  e  d  between  two  half-spaces  of  perfectly  elastic  materials. 
Consider  also,  a  finite  duration  pulse, ray  1, incident  at  the 
viscoelastic  plate  as  shown  in  rig  2. 


Fig. 2  A  series  of  Pulses  reflected  and  transmitted  by  a  plate. 
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Since  1+z*z - -1/(1— z)  for  | z | <  1 

Equation  (3)  can  be  written  in  thg  for®' 

R?je"12kh  -  where  -1  ]  («) 

»  P  '  1  J  M  1  JT 


By  measuring  F  {  FFT  of  the  front  surface  reflection  and  c* 
(FFT  of  the  total  signal  with  all  reflections)  the  complex  valued 
k(w)-kj-lk,  can  be  obtained  from  eq.(*i). 


Similarly,  from  the  transmitted  field  it  can  be  shown  that 


e-lh(k-k„) 


G  (  ui) 


1  -R 


~1  2kh 
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(5) 


Here  F  is  the  FJT  of  the  signal  at  the  receiver  wher. 
there  is  no  sample  and  G  is  the  FFT  of  the  total  signal  after 
the  sample  has  been  introduced  in  the  path.  Detailed  derivation 
of  these  equations  is  given  in  (3). 


Equation  (5)  can  now  be  written  in 


the  following  r  or z 


-Zi-c0-0. 


where  Z  -  e 


-ihk 


( t  } 


k-k  ♦ i k- 
k.-w/c 

k^-coefficient  of  attenuation 


-“(t1stsi/Rj,)(f  /g  ): 


kc- wavenumber  in  the  elastic  mediums. 

ec«1  . / R  -  i 

In  (6)  both  Z  and  1  are  complex. 

In  the  water  immersion  case  which  is  the  one  we  are 
going  to  use  for  the  tests,  Zc  can  be  easily  calculated  if  tne 
wavespeed  in  water  is  accurately  known.  Thr  transmission  an ; 
reflection  coefficients  can  be  calculated'!'  the  densities  of  tr.e 
two  mediums  and  longitudinal  wavespeecs  in  them  are  known.  But 
the  wavespeed  in  the  plate  is  the  unknown  which  we  want  to 
measure.  Hence  to  overcome  this  dilemma,  an  iteration  procedure 
was  followed  where  an  approximate  wavespeed  is  provided  as  ar. 
input  to  estimate  the  various  reflection  and  transmission 
coefficients.  Tire  quadratic  equation  (6)  is  then  solved  to  give 
two  roots  of'Z.  The  correct  root  is  chosen  based  on  the  fact  tn  =  -. 
as  the  frequency  increases  as  the  phase  of  Z  decreases.  7  r  - 
wavespeed  is  calculated  from  the  phase  of  Z.  This  wavespeed 
then  used  to  re-estimate  the  reflection  and  tra  nsm  i  s  s :  :  r. 
coefficients.  This  iterative  procedure  converges  rapidly  to  tne 
correct  wavespeed.  It  was  estimated  that  even  with  an  initial 
descrepancy  of  sSO-*  in  wavespeed,  the  solution  converged  in  fewe.- 
tnan  5  iterat ions  . 
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Fig. 3  Block  diagram  of  the  experimental  setup. 

The  analog  signal  Is  collected  by  the  Pulser-Receiver 
metrics  5052  UA)  and  Is  fed  into  the  Digital  Oscilloscope 
_ 6000) .  The  signal  is  digitized  in  the  oscilloscope.  The 
1  'processing  unit  of  this  oscilloscope  then  performs'  Fast 
er  Transform  on  the  signal.  The  useful  portion  of  the 
formed  signal  is  then  acquired  by  the  computer  for  the 
lation  of  the  wavespeed  and  the  attenuation.  In  these  steps 
al  potential  sources  of  errors  can  affect  the  results.  These 
(1)  Sampling  interval,  (2)  Frequency  Resolution  and  (3) 
du'cer  Response.  The  first  factor  is  the  digitizing  interval 
e  acquired  signal.  FFT  of  a  1  KHz  signal  at  10,20, AO, 100  r.S 
ing  intervals  was 'studied.  It  was  observed  that  at  10;20  or 
;  sampling  interval  the  frequency  content  of  the  signal  is 
tially  the  same.  However,  at  100  nS  sampling  interval,  the 
1  loses  some  of  its  high  frequency  contents.  The  useful 
izing  internals  depend  on  the  frequency  of  thre  transducer 
used.  For  example  for  10  KHz  frequency,  at  A0  nS  interval 
of  the  high  frequency  contents  are  lost.  The  second  factor 
dered  was  the  resolution  of  the  signal  in  the  frequency 
n.  A  sampling  interval  of  *10  nS  or  less  with  a  frequency 
ution  of  0.05  KHz  or  iess  is  considered  adequate.  This 
r  is  also  transducer  frequency  related.  The  third  'factor 
dered  was  the  useful  range  of  the  transducer  frequency 
nse.  It  was  found  that  satisfactory  measurements  can  be 
led  'over  a  frequency  range  given  by  25J  of  the  peak  response 
tude.  For  further  details  see  ( A )  . 

specimens  were  fabricated  using  Kagnacite  ASA/3502  graphite 
eg  tape  made  by  Hercules  Inc.  All  specimen  were  of  11nx1"x 
size.  The  specimens  were  loaded  on  Instron  Model  1125.  The 
were  conducted  at  a  crosshead  speed  of  0 ;  0  5  in/ttin;  The 
verse  cracks  were  opened  by  a  nominal  load  on  the  specimen 
dge  replications  were  taken  to  keep  a  record  of  the  cracks, 
.imlnate  the  water  absorption  by  the  microcracks  while 
ig" by  ultrasounds,  the  edges  of  the  cracked  specimens  were 
1  by  Strlppable  Lacquer  (Sharvin  Williams). 

rs 

'lrst  of  all,  the  accuracy  of  th*  measurement  technique 
ed  here  was  estimated.  The  technique  was  applied  to  a 
■  y  damaged  composite  specimen.  This  was  done  to  account  for 


measurements  under  the  worst  conditions  of  damage.  It  was 
estimated  that  the  precision  of  the  measurement  was  '±0.3J  r0r 
wavespeed  and  ±1.5t  for  attenuation.  It  Is  to  be  noted  here  that 
the  accuracy  of’  the  measurement  will  depend  on  the  accuracy  of 
the  predetermined  input  parameters  viz.  the  densities  of  tfte 
water  and  specimen  and  the  wavespeed  of  ultrasound  in  water. 

The  results  presented  here  are  for  Gr/Epoxy  [0/90^]  speci¬ 
mens  tested  by  a  broad  band  5  MHz  transducer.  In  the  results 
presented,  attenuation  k2  has  beer,  non-dimenslonalized  to  k  ?  j, . 
Line  sketches  of  the  edge  replications,  where  the  measurements 

were  made,  are  shown  in  fig  A .  The  variation  of  attenuation,  as 
the  applied  load  is  increased,'  is  shown  In  Fig  5.  Numbers  on  the 
curves  denote  the  location  number  on  the  specimen.  The  specimen 

were  surveyed  along  the  lengtfrfor  each  load  step  to  identify  any 
preferred  localization  of  defects.  It  was  observed  that  for  the 
layup  tested,  the  damage  was  evenly  distributed.  As  is  evident 

from  the  edge  replications,  very  few  cracks  are  developed  for 
stresses  upto  35  ksi,  and  hence  the  increase  in  attenuation  is 

also  low.  When  the  stresses  were  increased  further,  multiple 
cracks  developed  and  this  resulted  in  a  large  increase  in  the 
attenuation  values. 


Fig  A.  Line  sketch  of  the  edge  replications  of  a  [ 0 / 90  ^  ] 

Gr/Epoxy  Specimen.  L&R  denote  left  h  right  siceSs  of 
the  specimen 
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Fig  5.  Variation  of  Attenuation  as  a  function  of  Applied  Stress 
at  6  different  locations  of  the  specimen. 


J  It  can  be  seen  from  the  edge  replications  that  the  damage  is 

•evenly  distributee  along  the  specimen  and  no  preffered  sites  of 
; damage  were  observed.  The  specimen  failed  near  the  grips. 

L 

I  As  expected,  for  the  tests  conducted,  no  significant 

’variation  in  wavespeed  was  observed.  The  reason  is  that  in  this 
‘  conf i gurat i on  of  the  testing,  the  wavefront  is  perpendicular  to 
the  plane  of  the  crack,  or  the  wave  propagation  direction  is  in 
?  the  plane  of  the  crack.  Hence,  the  cracks  do  not  change  the 
■wavespeed  appreciably. 


CONCLUSION'S 

r 

£  A  new  technique  for  the  measurement  cf  wave  speed  and 

rat tenua t i on  of  ultrasonic  waves  has  bee/.  ceveloped.  This 
^technique  is  fully  computerized  and  does  not  need  any  human 
'[.interference  except  the  placing  and  removing  the  specimen  from 
;  the  ultrasonic  path.  To  the  best  of  our  knowledge  this  is  the 
iflrst  technique  that  gives  satisfactory  results  for  specimen  of 
; 8ny  thickness. 

V 

f  The  technique  has  been  applied  to  fiber-reinforced  composite 
'material  specimens.  It  was  found  that  whereas  the  wave  speed  (  or 
[stiffness)  is  "rather  insensitive  to  transverse  cracking,  the 
?through-the-t hickness  attenuation  is  a  sensitive  measure  of  the 
[damage  state  and  hence  is  a  potential  damage  metric. 
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INTRODUCTION 

When  fiber-reinforced  composites  are  loaded  either  mechanically  or  thermally,  a 
very  complex  damage  state  is  developed.  The  damage  consists  of  matrix  cracking, 
longitjdinai  cracking,  delamination,  depending,  fiber  pullout,  fiber  breaking  and 
void  Torah ti on  etc.  As  the  damage  progresses,  the  mechanical  behavior  o'  t  ne 
composite  changes.  This  change  manifests  itself  in  the  form  of  reduction  in  tne 
overall  stiffness  and  an  increase  in  the  camping  character! stl cs  cf  the  composites. 
The  wavespeed  and  attenuation  of  a  mechanical  wave  launched  in  the  specimen  depend  or. 
the  stiffness  and  the  damping  properties  of  the  material,  respectively.  Thus,  the 
acoustic  properties  (  wavespeed  and  attenuation)  of  the  waves  passed  through  tne 
composites  are  affected  hy  the  damage. 

The  total  damage  picture  in  composites  is  very  complex.  One  or  more  cf  tne 
damage  mechanisms  mentioned  above  may  be  present  at  the  same  location  ir.  the 
composites.  Though  It  would  be  an  ideal  goal  to  develop  a  method  which  car,  give  the 
total  damage  picture,  the  NDE  community  has  been  unable  to  do  so  until  now.  Before 
trying  to  achieve  this  goal  we  have  to  study  and  uncerstar.c  each  carnage  mcce 
individually.  Keeping  this  in  view,  in  this  work  we  have  attempted  to  stucy  :r.e 
transverse  cracking  phenomenon.  The  reasons  behind  this  choice  are:  it  is  the  most 
common  damage  mode;  it  is  generally  the  first  seep  ir.  development  of  ether  carnage 
modes;  and  it  is  easy  to  generate  without  the  interference  cf  ether  damage  mcces. 
Though  each  type  of  damage  mode  will  affect  the  overall  stiffness  of  the  composites, 
in  this  study  we  have  used  the  layups  which  promote  the  transverse  crack;  r.  g  as  the 
dominant  carnage  moce. 

The  conventional  method  of  measuring  the  acoustic  parameters  is  the  tone  curst 
method  [1].  If  the  specimens  are  thin,  the  reflection  from  tne  faces  o'  the  specimen 
interfere.  'This  renders  the  toneburst  technique  useless,  as  one  cannot  identify 
individual  maxim  urns  in  the  signal.  Since  the  most  commonly  usee  lam  ir.  aces  in  tne 
aerospace  structures  are  expected  to  be  rather  thin  (-2  mm)  we  undertook  the  task  cf 
developing  a  new  technique  especially  suited  for  thin  laminates.  The  use  cf  computers 
for  data  collection  and  analysis  make  the  technique  very  attractive  for  automatic  r. , 
with  high  degree  of  accuracy  and  repeatability. 

A  computerized  pulse  technique  was  presented  in  [2]  for  the  measurement  cf  the 
acoustic  parameters.  The  digitized  signal  in  time  domain  is  transformed  to  frequency 
domain  by  the  use  of  Fast  Fourier  Transforms  (TFT).  The  acoustic  parameters  are  then 
computed  from  the  phase  shift  and  loss  of  amplitude  between  two  pulses  in  the 
reflected  signal  .  This  method  could  be  used  for  specimen  where  the  pulses  could  be 
separated.  The  toneburst  method  requires  about  10  cycles  of  signal,  whereas  the 
technique  developed  by  us  required  only  one  cycle,  hence,  though  separation  of 
signals  was  required  in  both  the  methods,  thinner  samples  can  be  interrogated  with 
the  new  technique. 

An  extension  of  this  technique  was  presented  in  [3]  where  the  separation  cf 
pulses  is  not  required.  Hence  this  technique  could  be  applied  to  specimen  of  any 
thickness.  This  technique  could  be  applied  to  both  reflection  or  through -transmission 
methods.  In  the  reflection  method  precise  replacement  of  the  specimen  is  very 
critical  for  the  correct  measurement.  The  through-transmission  method  coes  net  suffer 
from  this  restriction  and  hence  was  used  by  us.  A  pi  ten- catch.  signal  from  a  t  y.Hz 
transducer  is  shown  in  Fig. la.  When  a  10  ply  composite  specimen  is  introduced  ir.  the 
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path,  the  total  signal  received  Is  shown  In  Fig. 1b.  This  technique  Is  capable  of 
calculating  the  acoustic  parameters  fro*  these  signals. 

The  above  mentioned  two  techniques  have  been  applied  to  the  analysis  of 
transverse  cracking.  Ve  present  here  the  salient  features  of  the  two  techniques  for 
completeness.  Some  results  are  then  presented  from  the  application  of  the  techniques 
to  Craphl te/ Epoxy  ASt/3502  laminates.  Interested  reader  Is  referred  to  [A]  for 
further  details.  The  results  show  that  although  the  t hr ough- t he- t h 1 c k n e s s  measurement 
of  attenuation  Is  very  sensitive  to  transverse  cracks,  wavespeed  Is  not.  A  plausible 
explanation  Is  that  In  this  configuration  of  tests,  the  waves  are  moving  parallel  to 
the  plane  of  the  cracks.  When  the  waves  move  normal  to  the  cracks  we  should  expect  a 
larger  reduction  In  the  wavespeed. 

In  the  Lamb  wave  mode  of  wave  motion  in  a  plate,  the  waves  move  In  the  plane  of 
the  plate,  and  hence  are  normal  to  the  transverse  cracks.  We  have  tested  the 
specimens  with  transverse  cracks  using  Lamb  waves.  Results  show  that  the  changes  In 
wavespeed  and  hence  the  changes  In  longitudinal  stiffness  of  the  specimen  can  best  be 
detected  by  the  use  of  Lamb  waves. 

THEORETICAL  ANALYSIS 


Consider  an  ultrasonic  pulse  in  water,  incident  upon  a  composite  plate.  This 
pulse  will  suffer  successive  reflections  at  tne  two  interfaces,  these  reflections  are 
shown  In  Fig. 2.  It  has  been  shown  in  t2j  that 

C  /F  - 1 " T , . T .  , Ex p ( -2kh )  ( 1  ) 
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k  s  is  the  attenuation  coefficient, 
w  is  the  circular  frequency  cf  the  input  signal, 
c  is  the  wavespeed  in  the  specimen, 
h  is  the  specimen  thickness. 


This  equation  has  been  used  jc  fevelop  the  technique  where  signal, pulses  2  arc  c 
can  be  separated.  Tne  phase  cf  C  / F  - 1  gives  the  wavespeec  a r. d  LcgjfC  / F  -  <  )  /  T  ;  -  T  -  ,  j 
gives  the  attenuation  for  the  ultrasonic  waves  ir.  the  specimens. 

In  the  second  technique  pulses  k,S,12  cf  Fig.Z,  cannot  be  separated.  It  has  beer, 
shown  1 n  [ 3 ]  t hat 


:  ,  -o 


(  2  ) 


where  2  -  Exp ( - i hk )  ,  , 
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k , -wavenumber  In  medium  1 

C..1/R.2 

R  ,  2*r.ef  lection  coefficient  in  medium  2  from  the  2/1  interface. 
» h  are  same  as  defined  earlier  for  ecr. .  ! ) 


Note  tha .  in  this  equation  both  Z  and  T  are  complex.  This  complex  quadra! 
equation  is  solved  at  each  point  of  the  waveform.  The  correct  root  is  chosen  based 
the  fact  that  as  the  frequency  increases,  the  phase  of  Z  decreases.  The  wavespeec 
ca  enlaced  .ron  the  phase  of  Z.  The  reflection  and  the  transmission  coefficients  « 
dependent  on  the  wavespeed  in  the  specimen,  which  is  precisely  what  we  want 
measure.  ihis  dilemma  was  resolved  by  an  iterative  procedure.  Wavespeed  for 
undamaged  specimen  is  used  to  estimate  the  reflection  and  transmission  coefficie 
and  a  \«tlue  of  wavespeed  is  calculated  from  eqn.  (2).  This  wavespeed  is  used  as 
next  guess  in  the  estimate  cf  the  coefficients.  It  was  found  that  even  with 
initial  error  of  30  5  in  wavespeed,  the  solwtii 
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symmetric  nodes  are  excited.  We  have  used  the  symmetric  node  or  Lamb  waves  where  the 
particle  displacement  Is  uniform  across  the  plate. 

EXPERIMENTAL  PROCEDURE 

The  block  diagram  of  the  experimental  setup  Is  shown  In  Fig. 3.  The  pulse 
generator  triggers  the  signal  generator  which  produces  a  single  cycle  of  rinusolcal 
signal.  This  pulse  Is  amplified  by  the  power  amplifier  and  the  signal  is  fee  Into  the 
ultrasonic  transducer.  The  transmitter  launches  a  mechanical  wave  In  water.  This  wave 
travels  through  the  specimen  and  Is  received  by  the  receiving  transducer.  The  signal 
from  th"  receiver  Is  amplified  by  the  signal  amplifier  and  fed  into  the  Digitizing 
Oscilloscope.  The  analog  signal  Is  digitized  and  stored  lr.  the  oscilloscope.  The 
built-in  signal  processor  of  the  oscilloscope  provides  the  computer  with  the  FFT  of 
the  signal.  The  ultrasonic  parameter:  are  then  calculated  by  the  computer. 

For  the  Lamb  wave  application,  a  trigger  pulse.  Is  fed  Into  the  signal  generator 
which.  In  the  gated  mode,  produces  a  toneburst  of  signal  of  about  10  cycles.  F.est  of 
the  circuit  description  remains  same  as  before.  As  shown  In  the  block  diagram,  .the 
transducers  are  mounted  on  precisely  controlled  travelling  mechanisms.  The  specimen 
is  mounted  on  a  turntable.  The  vernier  of  the  turntable  Is  graduated  to  0  .  1  6 
rotation.  This  type  of  arrangement  Is  required  so  that  when  the  specimen  is  rotated, 

the  transducers  are  suitably  moved  to  ensure  that  the  same  area  of  the  specimen  is 

Interrogated  throughout  the  test.  The  procedure  followed  for  these  tests  Is  as 
follows.  Lamb  Waves  are  generated  In  the  specimen  by  launching  a  toneburst  of 
longitudinal  waves  through  the  water.  Tne  specimen  Is  rotated  and  the  signal  received 
by  the  receiving  transducer  Is  recorded.  Critical  Lamb  angles  are  Identified  by  tne 
sharp  peaks  In  the  received  signal.  The  Lamb  angles  are  confirmed  by  a  very  slcpie 
test.  An  elementary  calculation  which,  for  brevity,  is  omitted  here,  shows  that  if 
the  receiving  transducer  Is  moved  in  a  straight  line  parallel  to  the  ce.-o  ceg.-ee 

orientation  of  the  specimen,  there  should  be  no  cnange  in  the  arrival  time  of  the 

signal.  Since  the  wave  travels  a  longer  distance  in  the  specimen  the  attenuation  can 
be  measured.  From  the  angle  cr  the  specimen  the  uavespeed  Is  calculated  by  the 
Snell' slaw; 

Sin( t .  )/Vy.  Sin(n/2)/C  (  : ) 


where  e  1  is  the  angle  of  incidence. 

is  the  waves  peed  in  water. 

C  Is  the  wa vespeed  in  the  specimen. 

Tne  longitudinal  stiffness  Is  calculated  from  the  rela 1 1  cr.  E-dC!  where  p  Is  the 
density  of  the  specimen,  £  is  the  longitudinal  stiffness  anc  C  the  Lamb  vavespeed.  As 
tne  damage  Is  Induced  In  the  specimen,  decrease  in  the  stiffness  of  tne  specimen 
results  in  an  Increase  In  the  Lamb  angle. 

RESULTS  AND  DISCUSSION 


rirst  we  present  some  results  from  the  application  of  tne  technique  wr.ere 
separation  of  pulses  was  possible.  In  all  the  results  presented  here  w.  have  usee  the 
nor. -  dimensional  form  of  a  1 1  enua  1 1  on  (  k  ,  1 )  where  1  Is  the  wavelength  of  the  signal.  Tne 
variation  of  attenuation  as  the  load  Is  increased  to  induce  the  transverse  cracks  is 
Shown  in  Flg.ii  for  the  specimen  of  [0,90 tC,3  layup.  It  Is  observed  that  for  ail 
damage  states  the  attenuation  decreases  with  an  Increase  In  the  frequency.  The 
maximum  variation  In  attenuation  Is  observed  at  a  frequency  of  2.25  KHz  Th-*  rigu-» 

also  shows  a  very  cramatic  increase  In  the  attenuation  as  the  damage  is  induces  in 
the  specimen.  The  variation  of  attenuation,  at  three  locations  on  the  specimen,  as 
the  total  crack  length  In  the  field  of  observation  Increases,  Is  shown  In  Fig. 5.'  In 
„  *  *arly  stages  of  damage  when  there  are  a  few  cracks,  some  scatter  In  the 
a-tenuatlon  Is  observed.  As  more  cracks  are  generated,  the  attenuation  variation 
;!Cf"eS,?t?a<ly-  The  reason  ls  "l>en  there  are  a  few  cracks  then  their  location, 

i"  or  transducer,  ls  critical.  A  crack  In  the  center  of  the  transducer 

\eia  scatter  the  waves  much  more  than  the  crack  at  the  edge  of  the  field.  But 

when  there  are  a  number  of  cracks  then  their  effect  is  averaged  out  and  "a  fairlv 
uni. ore  response  is  obtained. 


further  tests  were  performed  on  a  [0/90.3  specimen  at  5  KHz.  The  pur-pese  cf 
-•■ese  tests  was  twofold.  First,  these  being  tr.in  specimen,  were  tested  to  cneck  tr.e 
a«v«-°P*<=  by  us.  where  the  various  reflections  need  not  be 
?  -ed.  Secondly,  we  were  Interested  1  r,  studying  that  as  tr.e  transverse  cracks  are 
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developed,  Is  there  any  preferred  site  of  damage  accumulation  and  If  so,  could  It  be 
detected  ul trason 1  cal 1 y  .  These  tests  were  performed  on  several  specimens.  Results 
from  one  specimen  are  presented  In  rig. 6.  The  variation  of  attenuation  with  the 
applied  loads  Is  shown  at  six  different  location  on  the  specimen.  Initially  there  are 
some  preferred  site:  of  damage,  but  as  the  damage  Increases  It  is  evenly  distributed 
all  over  the  specimen.  In  the  specimens  tested  the  failure  always  took  place  at  the 
grips  and  hence  no  precursor  of  final  failure  could  be  detected. 


Mow,  when  a  damaged  specimen  Is  unloaded  some  of  the  transverse  cracks  may  be 
partially  closed.  Such  closure  would  tend  to  decrease  the  attenuation.  Our  objective 
In  the  next  set  of  tests  was  to  experimentally  determine  whether  or  not  tne  cracks 
are  partially  closed.  The  through-the-thlckness  attenuation  was  monitored  as  the  load 
on  the  specimen  was  Increased.  The  maximum  applied  stress  was  about  15'  of  the 
ultimate  strength  and  was  sufficiently  low  so  as  not  to  cause  any  additional 
cracking.  The  main  problem  in  these  tests  was  to  prevent  water  from  entering  tne 
open  cracks.  A  thin  coating  of  a  rubbery  adhesive  was  used  to  seal  the  ecges. 
Presented  In  Fig. 7  Is  the  variation  in  the  attenuation  as  two  cycles  of  load  are 
applied  to  open  the  cracks  and  Fig. 8  snows  the  wavespeed  variation  during  the  same 
loading.  The  attenuation  increases  as  the  cracks  open  and  follow  essentially  the  same 
path  over  the  two  cycles  of  loading  and  unloading.  The  scatter  bouncs  of  1.0  S  in 
attenuation  and  0.5  '  in  wavespeed  measurement  are  shown  in  tne  figures.  This  shows 
that  even  though  the  cracks  open,  as  is  evident  from  the  Increase  In  attenuation, 
there  Is  no  measurable  change  in  wavespeed. 


Mow  we  shift  our  attention  to  the  testing  of  the  transverse  cracks  by  Lamb 
waves.  All  the  tests  have  been  conducted  on  [0/9C,]c  anc  [0/90.]  specimens  at  a 
frequency  of  0.5  KHz  .  Decrease  lr,  stiffness  as  the  crack  length  inEthe  1  n  i  err  o  g  a  1 1  on 
area  Increases  Is  shown  In  Fig, 9.  „  steady  decrease  In  the  stiffr. ess  id  c  p  s  c  r  .  e  J 
as  the  transverse  cracks  increase.  Variation  of  attenuation  as  tne  Carnage  increases 
Is  shown  in  Fig. 10.  As  expected,  attenuation  Increases  ocnotor. Ically  with  carnage. 
Since  attenuation  can  be  measured  with  an  accuracy  of  »  10',  the  four-fold  Increase 
in  attenuation  observed  ir,  these  tests  is  quite  appreciable. 


CONCLUSIONS 


The  effect  of  transverse  cracks  cn  the  acoustic  parameters  cepencs  or,  the 
direc^.on  o.  th.e  w-ave  propagation  relative  to  the  cracks.  lr.  ere  csee  c' 
through-the-thlckness  measurements  where  the  wave  propagation  direction  is  in  tne 
plane  of  the  cracks,  the  attenuation  measurement  is  sensitive  to  damage  while  the 
wavespeed  Is  ~ot  .  Conversely,  when  the  waves  travel  ncrmal  to  th.e  cracks,  as  In  tne 
case  of  Lamb  waves  then,  for  the  configuration  tested,  both  the  a r. c  the  a  t :  » .-. u a  t  i  o r. 
are  sensitive  to  cracks. 
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Block  diagram  of  the  Experimental  Setup 


Fig.  6.  Variation  of  attenuation  as  a  function  of 
Applied  Stress  at  6  different  locations  c : 


the  specimen. 
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ABSTRACT 

Fiber-reinforced  composites  are  finding  an  increasing  use  in  th;  aero¬ 
space  industry.  Initially  the  FRP  components  constituted  only  the  non- 
critical  components  of  the  structure.  Now  the  composites  are  being  used  in 
the  primary  load  bearing  members.  After  undergoing  a  certain  amount  of 
usage,  the  mechanical,  thermal  and  environmental  loading  produces  a  complex 
damage  state  which  includes  transverse  cracks,  longitudinal  splits,  delamina- 
tions,  debonding,  etc.  Almost  all  the  NDT  techniques  are  geared  towards  the 
estimation  of  the  extent  of  damage  to  the  structure.  From  these  results  it  :s 
expected  that  the  damage  modelers  will  be  able  to  estimate  the  residual 
stiffness  and  residual  strength  and  life  of  the  structure.  We  have  used 
ultrasonic  waves  to  study  the  changes  in  stiffness  of  the  structure  as  tine 
damage  progresses.  This  work  will  help  the  damage  modelers  in  furthering 
their  analysis. 

The  ultrasonic  waves  passing  through  a  composite  specimen  interact  with 
the  various  defects,  and  in  turn,  these  defects  affect  the  basic  ultrasonic 
parameters;  wavespeed  and  attenuation.  It  is  well  known  that  wavespeed  is 
directly  related  to  the  stiffness,  and  attenuation  is  a  measure  of  the  damp¬ 
ing  characteristics  of  the  material.  A  very  important  stiffness  component  is 
the  in-plane  stiffness  of  the  plate.  Hence,  we  propagate  the  waves  in  the 
plane  of  the  plate  to  measure  the  in-plane  stiffness.  The  mode  of  propaga¬ 
tion  is  called  the  Lamb  wave  or  Plate  wave  mode.  The  plate  is  immersed  in  a 
fluid  and  the  Lamb  waves  leaking  into  the  fluid  are  called  the  leaky  Lamb 
waves.  These  leaky  waves  have  been  used  to  determine  the  wavespeed  and 
attenuation  of  the  Lamb  waves  traveling  in  the  plate. 

Damage  is  gradually  introduced  in  the  composite  plate.  In  the  work 
presented  here,  we  have  limited  the  mode  of  damage  to  transverse  cracks  only. 
The  changes  in  the  wavespeed  and  attenuation  are  measured  as  a  function  of 
damage.  We  present  here  some  results  from  the  tests  of  cross-ply  and  angle- 
ply  graphite/epoxy  laminates.  The  reduction  in  the  in-plane  stiffness  and  an 
increase  in  the  attenuation  is  observed  as  the  number  of  transverse  cracks 
increase. 
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INTRODUCTION 


The  growth  of  damage  in  composite  materials  is  very  different  from  that 
in  homogeneous  materials.  In  homogeneous  materials  once  the  damage  is  initi¬ 
ated,  any  further  loading  tends  to  increase  the  existing  damage.  On  the 
other  hand,  in  composites  the  damage  relieves  the  stresses  in  its  vicinity 
such  that  the  next  cracking  takes  place  at  some  other  location.  It  is  only 
when  the  microcracks  become  densely  populated  that  they  initiate  larger 
damage  such  as  interior  delaminations.  The  study  of  damage  growth  in  cross- 
ply  laminates  due  to  cyclic  loading1  has  shown  that  first  the  transverse 
cracks  appear  in  the  90°  -plies.  These  cracks  are  restrained  in  their  growth 
and  hence  further  loading  results  in  the  axial  split  in  the  0°  -plies  due  to 
the  Poisson’s  effect.  The  intersection  of  the  transverse  cracks  and  the 
longitudinal  splits  becomes  the  nucleation  site  for  the  interio"  delaminatio;. 
between  the  plies. 

When  an  ultrasonic  wave  is  passed  through  a  damaged  composite,  the  inter¬ 
action  between  the  wave  and  the  damage  can  affect  the  wave  in  two  ways:  (1) 
Damage  will,  in  general,  reduce  stiffness  and  since  wavespeed  is  directly 
proportional  to  the  square-root  of  stiffness,  damage  will  reduce  the  waves¬ 
peed,  and  (2)  The  attenuation  will  increase  because  the  crack-wave  interac¬ 
tion  results  in  an  incoherent  scattering  of  the  waves.  Thus  the  effect  of 
damage  on  the  overall  behavior  of  the  composite  can  be  studied  by  measuring 
the  acoustic  parameters  of  the  ultrasound  passed  through  the  specimen. 

We  have  developed  two  new  techniques2  for  the  measurement  of  acoustic 
parameters  in  thin  laminates  which  are  expected  to  be  used  in  aerospace 
structures.  With  the  first  of  these  techniques,  one  is  able  to  measure  the 
acoustic  parameters  when  the  pulses  reflected  from  two  surfaces  of  a  plate- 
specimen  can  be  separated  in  time  domain.  With  the  second  technique  one  car. 
make  the  measurements  even  when  the  pulses  are  inseparable.  Here,  the  sigr.a 
in  time  domain  is  transferred  to  the  frequency  domain  by  the  use  of  fast 
Fourier  transforms  (FFT).  The  data  in  the  frequency  domain  is  used  ir.  ar. 
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Transverse  Crack 
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algorithm  developed  by  us  to  measure  the  complex-valued  wavenumber  k  =  k:  + 
k2.  where  kj  =  w/c,  u  is  the  circular  frequency  of  the  signal  used,  c  is  the 
phase  velocity  and  k2  is  the  attenuation  coefficient.  Figure  la  shows  that 
in  this  mode  of  wave  motion  the  wave  travels  in  the  plane  of  the  crack  and, 
hence,  there  is  a  weak  interaction  between  the  waves  and  the  crack.  Results 
show  that  although  the  changes  in  attenuation  are  substantial,  the  effect  on 
wavespeed  is  immeasurably  small. 

Figure  lb  shows  the  Lamb  wave  mode  where  the  wave  travels  normal  to  the 
transverse  cracks.  Here  the  interaction  between  the  wave  and  the  crack  is 
stronger,  and  therefore,  a  larger  effect  on  the  acoustic  parameters  was 
observed.  In  this  mode  of  wave  motion,  the  longitudinal  stiffness  of  the 
plate  determines  the  wavespeed.  Hence,  the  effect  of  the  transverse  cracks  on 
the  longitudinal  in-plane  stiffness  of  the  composite  laminates  could  be 
studied.  We  present  here  some  results  from  the  testing  of  the  composite 
laminates  with  transverse  cracks  by  the  Lamb  wave  technique.  The  results 
show  that  both  the  wavespeed  and  the  attenuation  are  significantly  affected 
by  the  transverse  cracks. 


THEORY 

For  the  Lamb  wave  tests  we  have  used  the  fundamental  symmetric  mode  of 
wave  propagation.  The  reason  behind  this  choice  is  that  in  this  mode  the 
wave  travels  with  a  plane  wavefront.  The  relation  between  the  material 
properties  and  wavespeed  in  the  fundamental  symmetric  mode3  is 

Cl2=  Ei/[,c(l-t'i2v2i )]  (1) 

where  Cp  is  the  Lamb  wavespeed,  Ej  is  the  in-p!ane  modulus,  v12  is  the  major 
Poisson's  ratio,  and  v21  is  the  minor  Poisson’s  ratio. 

For  the  composites  used  by  us  v12=  0,25  and  v2-=  0.Q1S.  Thus  v : - v - .  <  <  ; 
and  to  a  first  approximation  eq.  (1)  is: 

CL2=  E  ,!c  (2) 


The  relation  between  the  angle  of  incidence  of  the  wave  on  the  plate,  f., 
and  the  wavespeed  (C2)  of  the  Lamb  wave  is  governed  by  the  Snell's  Law; 

sin(  ?i)/vw  =  sin(-/2)/CL  (; 

where  Yw  is  the  wavespeed  in  water. 


EXPERIMENTAL  SETUP 

The  block  diagram  of  the  experimental  setup  is  shown  in  Fig.  2.  The 
specimen,  the  transmitter  ar.d  the  receiver  are  immersed  in  the  water  hath. 
The  specimen  is  mounted  on  a  turn  table  and  car.  be  rotated  about  a  vertical 
axis  in  steps  of  0.1°.  This  rotation  is  required  to  set  the  specimen  for  the 
through-the-thickness  and  Lamb  wave  measurements.  The  transducers  are 
mounted  on  precision  traveling  mechanisms.  In  the  through-the-thickness 
measurements  the  specimen  is  normal  to  the  incident  wave  and  the  two  trans¬ 
ducers  are  in  the  same  line. 


i 
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Fig.  2.  Block  Diagram  of  the  Experimental  Setup. 


The  pulse  generator  triggers  the  signal  generator  which  produces  a  single 
cycle  of  sinusoidal  wave  for  through-the-thickness  measurements  and  a  tone 
burst  for  the  Lamb  wave  measurements.  This  signal  is  amplified  by  the  power 
amplifier  and  the  signal  is  fed  into  the  wide  band  transmitting  transducer. 

The  wave  launched  into  the  water  travels  through  the  specimen  and  sensed  by 
the  receiving  transducer.  The  signal  from  the  receiver  is  amplified  by  the 
signal  amplifier  and  fed  into  the  digitizing  oscilloscope  (Data  6000  by  Data 
Precision).  The  analog  signal  is  digitized  and  stored  in  the  oscilloscope. 

The  built  -in  signal  processor  of  this  oscilloscope  provides  the  computer  with, 
the  amplitude  and  location  of  a  characteristic  point  of  the  toneburst  signal 
e.g.  a  maximum  of  a  sine  wave.  The  signal  amplitude  at  different  angles  of 
incidence  is  recorded,  and  critical  Lamb  angle  is  identified  by  the  peak  in 
the  received  signal.  A  very  simple  test  is  sufficient  to  check  for  the 
correct  Lamb  angle.  It  can  be  shown  by  an  elementary  calculation  that  if  the 
receiver  is  moved  in  a  straight  line  perpendicular  to  the  line  joining  the 
two  transducers  then  there  should  be  no  change  in  the  arrival  time  cf  the 
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Fig.  2.  Dispersion  Curve  for  [0/903]s  Gr/En  Laminate. 
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Fig.  4.  Stiffness  Variation  with  Damage  in  [0/ js  Laminate. 


signal  at  the  receiver  provided  the  specimen  is  oriented  at  the  correct  Lamb 
angle.  When  the  transducer  is  moved  for  this  check,  the  wave  spends  more 
time  in  the  specimen  and  less  time  in  water  and  hence  the  attenuation  can  be 
measured. 


All  the  specimens  for  which  the  results  are  presented  here  are  made 
AS4/3502  graphite/epoxv  laminates.  The  specimens  are  11"  x  1"  coupons 


of 


RESULTS  AND  DISCUSSIONS 

Now  we  present  some  results  from  the  testing  of  [0/903]s  anc  [0/904]s 
laminates  by  the  Lamb  wave  method  when  transverse  cracks  are  introduced.  T 
cracks  are  generated  in  these  specimens  by  displacement  controlled  mor.ctcr.ic 
loading  at  a  displacement  rate  of  .02'7min. 

We  have  carried  out  a  theoretical  analysis  of  Lamb  wave  propagation  in  a 
symmetrical  balanced  composite  laminate4.  The  dispersion  curves  reproduced 
here  are  from  that  work.  Fig.  3  shows  the  dispersion  curve  for  the  [0.  wLjs 
specimen.  Phase  velocity  of  the  Lamb  waves  is  plotted  against  the  product  of 
signal  frequency  and  df  where  2d  is  the  plate  thickness.  The  symmetric  and 
antisymmetric  modes  are  shown  in  solid  and  discontinuous  lines,  respectively. 
The  frequency  at  which  the  tests  were  performed  (0.5  MHz),  is  indicated  by  a 
circle;  s0  represents  the  fundamental  symmetric  mode.  The  normalized 
reduction  in  stiffness  as  the  number  of  cracks  increases  in  the  transducer 
field  are  shown  in  Fig.  4.  The  stiffness  is  normalized  with  respect  to  the 
stiffness  of  the  virgin  specimen  (i.e.  no  damage).  There  is  a  steady 
decrease  in  the  stiffness  and  the  overall  reduction  is  about  1251.  The 
increase  in  the  attenuation  for  this  specimen  is  shown  in  Fig.  5.  A  four 
fold  increase  in  attenuation  can  be  observed  in  this  test.  Figure  6  shows 
the  dispersion  curve  for  [0/904]s  laminate  and  the  tests  were  conducted  at 
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Fig.  5.  Attenuation  Variation  with  Damage  in  [0/903]s  Laminate. 


the  frequency  indicated  by  the  circled  point.  The  line  diagram  of  the  state 
of  damage  is  shown  in  Fig.  7.  The  location  of  the  transmitter  (TR)  and  the 
receiver  (R)  are  shown  in  the  figure.  The  reduction  in  the  stiffness  of  this 
iaminate  when  the  transverse  cracks  are  introduced,  is  shown  in  Fig.  7. 
Observe  that  going  from  the  damage  state  3  to  4  though  ’mere  was  a  substan¬ 
tial  increase  in  the  number  of  cracks  in  the  specimen,  the  number  of  cracks 
in  the  local  region  interrogated  by  the  transducer  did  not  increase  and  hence 
tiie  changes  in  the  stiffness  of  the  specimen  were  not  observed.  This  is  very 
reassuring  for  it  demonstrates  that  our  measurement  reflects  local  changes  in 
the  stiffness.  For  this  specimen  the  reduction  in  stiffness  of  about  307a  was 
observed.  The  increase  in  the  attenuation  is  shown  in  Fig.  8  which  shows 
almost  a  six  fold  increase  in  attenuation. 


Fig.  6.  Dispersion  Curve  for  [0/9(L]s  Gr/Ep  Laminate. 
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Fig.  7.  Stiffness  Variation  with  Damage 


for  [0/?34]s  Laminate. 


CONCLUSIONS 


The  use  of  two  techniques  for  ultrasonic  nondestructive  evaluation  of 
damage  (transverse  cracking)  in  laminated  composites  has  been  demonstrated. 

In  the  first,  a  longitudinal  wave  is  propagated  in  the  thickness  direction. 

Here  the  crack-wave  interaction  is  weak.  As  expected,  the  wavespeed  does  not 
change  measurably  while  the  attenuation  increases  with  transverse  cracking. 


49 


0  2  A  Z  B  1C  12  14 
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Fig.  8.  Attenuation  Variation  with  Damage  [0/904]s  Laminate. 


In  the  second  technique,  Lamb  waves  are  propagated  along  the  length  of  the 
specimen.  Here,  the  crack-wave  interaction  is  the  strongest;  both  the  waves- 
peed  and  the  attenuation  change  appreciably  with  damage.  The  Lamb  wave 
method,  therefore,  is  a  much  more  effective  method  for  the  detection  of 
transverse  cracks. 
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ABSTRACT:  The  results  of  a  round-robin  testing  studs  are  presented 
for  measurements  of  dynamic  Young's  modulus  in  two  nickel-based  al¬ 
loys.  The  Interlaboratory  Testing  Program  involved  six  types  of  appa¬ 
ratus.  six  different  organizations,  and  specimens  from  a  well-docu¬ 
mented  source.  All  the  techniques  yielded  values  of  dynamic  Young's 
modulus  that  agreed  within  1.6%  of  each  other.  For  Inconel  alloy  oOO 
the  dynamic  modulus  was  lie. 5  GPa  with  a  standard  deviation  of  15.6 
GPa:  for  Incoloy  alloy  90'  the  corresponding  values  were  158.0  and  2.2 
GPa.  respectively.  No  sigi.,ncant  effect  of  frequency  over  the  range  780 
Hz  to  IS  MHz  was  found. 

KEY  WORDS:  elastic  modulus,  dynamic.  Young's  modulus,  metals, 
interlaboratory.  frequency  dependence 

In  engineering  and  science  elastic  modulus  is  of  fundamental 
and  technological  importance.  It  has  applications  in  areas  such  as 
load-deflection,  buckling,  thermoclastic  stresses,  elastic  instabi- 
itv.  fracture  mechanics,  creep,  interatomic  potentials,  lattice  de¬ 
fects,  thermodynamic  equations  of  state,  free  energy,  and  thermal 
expansion. 

In  reflection  of  this  wide-ranging  importance  of  moaulus.  sev¬ 
eral  standards  organizations  around  the  world  have  formulated 
procedures  for  the  determination  of  static  and  dynamic  modulus  of 
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certain  types  of  materials.  For  example.  ASTM  has  published 
Standard  Methods  for  Young's  Modulus.  Shear  Modulus,  and 
Poisson's  Ratio  for  Glass  and  Glass-Ceramics  by  Resonance 
(ASTM  C  623).  Young's  Modulus.  Shear  Modulus,  and  Poisson's 
Ratio  for  Ceramic  Whitewares  by  Resonance  (ASTM  C  848).  Mod¬ 
uli  of  Elasticity  and  Fundamental  Frequencies  of  Carbon  and 
Graphite  Materials  by  Sonic  Resonance  (ASTM  C  747).  and  Fun¬ 
damental  Transverse.  Longitudinal,  and  Torsional  Frequencies  of 
Concrete  Specimens  (ASTM  C  215).  In  addition,  there  is  the  well- 
known  standard  test  method  for  determining  static  Young's  modu¬ 
lus  of  metallic  tensile  specimens  (ASTM  E  1 1 1 ).  In  vieu  of  the  con¬ 
siderable  amount  of  work  devoted  by  members  of  standards 
organizations  to  the  formulation  and  publication  of  these  recog¬ 
nized  testing  methods  for  specific  materials,  it  is  very  surprising 
that  there  is  no  recognized  testing  method  for  the  determination  of 
dynamic  Youngs  modulus  in  metallic  maic-tals.  There  is.  how¬ 
ever.  a  large  contribution  towards  a  recognized  testing  method  for 
dynamic  modulus  in  ASTM  Practice  for  Measuring  Ultrasonic  Ve¬ 
locity  in  Materials  (E  494).  The  main  aim  of  this  paper  is  to  be  a 
part  of  a  movement  to  fill  this  lacuna. 

As  background  history  to  the  preparation  of  this  paper,  it  is  per¬ 
tinent  to  mention  that  in  the  early  1980s.  within  the  framework  of 
ASTM  Subcommittee  E28.03  on  Elastic  Properties  and  Defini¬ 
tions  on  Mechanical  Testing,  an  Interlaboratory  Testing  Program 
was  set  up  to  address  measurements  of  dynamic  Young's  modulus 
in  metals.  This  program  or  task  group  carries  the  identification 
E28.03.05:  its  active  members  and  their  laboratories  are  listed  in 
Table  1.  The  paper  is  the  first  full  report  resulting  from  the  testing 
program  and  documents  the  alloys  used  as  specimens,  some  details 
on  the  various  testing  techniques  in  the  laboratories,  the  experi¬ 
mental  results,  a  detailed  analysis  of  the  results  (with  discussion  t. 
and  the  conclusions  of  the  studv. 

Specimens 

For  the  Interlaboratory  Testing  Program  special  care  was  de¬ 
voted  to  specimen  selection  and  preparation.  An  eariv  discussion  of 
the  ASTM  E2R.03.05  group  revolted  in  a  consensus  that  the  no-:- 
rials  chosen  should  be  of  technological  interest  and  that  the  prefer¬ 
ence  of  one  of  the  laboratories  for  a  magnetic  material  should  be 
respected.  One  of  the  group  members  made  the  resources  of  his 
company  available  in  this  regard.  Thus  lnco  Alloys  International 
provided  both  the  materials  and  the  m,. chining  facilities.  The  me¬ 
tallic  materials  chosen  for  the  tests  were  Inconel  alloy  bOO  (UNS 
N06600;  designated  Alloy  A)  and  Incoloy  alloy  90"  (UNS  N 1  °90” : 
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TABLE  1 — List  of  the  personnel  taking  part  in  the  interlaborjtory  testing  program  and  their 
laboratories  or  company  names,  a  ml  of  the  trade  names  or  acronyms  (where  available I  for  the 
apparatus  used  and  the  physical  principle  of  operation. 


Laboratory 

Personnel 

Trade  Name 
or  Acronym 

Physical  Principle 

1.  Inco 

Alloys 

International 

J.  S.  Smith 

Free-free  Beam 
(F) 

2.  Pitney 

Bowes 

Y.  T.  Chen 

R.  R.  Phillips 

P.  Ttrranova 

Free-free  Beam 
(Fi 

3.  J.  W. 

Lemmens 

Hlectronika 

J.  W.  Lemmens 

Grindo-Sonic 

Impulse 

Excitation 

(F) 

4  National 

Bureau  of 
Standards 
(NBS) 

C.  V.  Blessing 

Velocity 

Measurements  of 
Ultrasonic  Wave 
Pulses 
<T) 

5.  Texas  A&M 
University 

A.  VVolfenden 

M.  R.  Harmouche 

PUCOT 

\  Piezoelectric 

Ultrasonic 

Composite 

Oscillator 

Technique) 

Piezoelectric 

Ultrasonic 

Oscillation 

(F) 

0,  Texas  A&M 
University 

V.  K.  Kinra 

V.  Dayal 

Ultrasonic 

Pulse  Spectro¬ 
scopy  i  P) 

3M 

Company 

P.  Mahnoodi 

R.  J.  Wjnn 

Free- free  Bean; 
i  F) 

8.  Texas  A&M 
University 

A.  Wolfenden 

M.  R.  Harmouche 

Modal  -  R 

Magnetically 

Excited  Resonance 

(F) 

F:  Denotes  that  the  apparatus  s  designed  to  measure  frequency  of  the  specimen. 

T:  Denotes  that  the  apparatus  s  designed  to  measure  the  transit  time  (or  ultrasonic  puises. 
P:  Denotes  that  the  apparatus  is  designed  for  ultrasonic  pulse  spectroscopy. 


:h;  magnetic  material,  designated  Alloy  B).10  The  chemical  com¬ 
positions,  thermomechanical  treatments,  and  sizes  of  the  speci¬ 
mens  of  Alloys  A  and  B  are  given  in  Table  2.  The  specimen  sires 
reflect  to  a  great  extent  the  optimum  or  convenient  sizes  pertinent 
to  the  particular  measuring  techniques  at  the  various  laboratories. 
To  examine  the  possibility  that  the  specimens  were  not  isotropic. 
X-ray  diffraction  pole  figures  (powder  patterns)  were  obtained  tor 
filings  from  the  specimens  and  for  pieces  of  the  specimens.  For  In¬ 
conel  alloy  600  (Alloy  A),  no  significant  texture  effects  were  de¬ 
tected.  However,  for  Incolov  alloy  907  (Alloy  B),  small  traces  of 
t-31 1  >  and  (222)  textures  were  found. 

Experimental  Procedures 

All  experimental  methods  of  measuring  dynamic  Young  s  mod¬ 
ulus  E  use.  in  some  form  or  other,  the  basic  wave  equation  for  the 
propagation  of  a  longitudinal  elastic  wave  it.  an  eiastic  medium: 

E  —  pv2  ( 1 ) 

where  p  is  the  mass  density  of  the  medium  and  v  is  the  wave  speed. 

'"Inconel  and  Incolov  are  trademarks  for  products  of  the  Inco  family  of 
companies  (Inco  Alloys  International,  Inc  ). 


Thus  the  methods  tha:  are  concerned  with  measurements  of  transit 
time  t  (and  hence  velocity)  of  ultrasonic  pulses  Over  a  known  dis¬ 
tance  L  in  an  eiastic  medium  apply  Eq  1  directly  (v  =  L  t).  assum¬ 
ing  that  p  is  known  or  can  be  measured  also.  In  the  case  of  the 
methods  that  utilize  measurements  of  resonant  frequency  of  stand¬ 
ing  or  decaying  elastic  wave:  in  an  elastic  medium  a  modified  form 
of  Eq  I  is  applied: 

E  =  pv2 

=  pi /hi2  (2) 

where / is  the  resonant  frequency  and  X  is  the  w  avelength.  The  spe¬ 
cific  geometrical  details  of  the  specimen  usually  determine  X.  For 
example,  for  a  uniform  beam  resonating  in  its  fundamental  longi¬ 
tudinal  mode,  the  wavelength  is  twice  the  length  L  of  the  beam. 
Therefore  Eq  2  becomes 

E  =  A  pL2/2  (3) 

Again,  in  the  frequency  methods  p  must  be  known  or  measured. 
All  but  one  >■;  the  experimental  procedures  used  in  the  Interlabora- 
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TABLE  2 — Chemical  compositions,  thermomechanical  treatments,  and  sizes  of  the 
specimens  of  Alloys  A  and  B. 


Alloy  A 

(Inconel  Alloy  b00) 

Alloy  B 

(Incoloy  Alloy  907) 

Ni 

Composition  (wt% 

74.91 

i 

37.46 

Cr 

15.48 

Fe  &  others 

balance 

balance 

c 

0.08 

0.01 

Co 

14.38 

Nb 

4.71 

Ti 

1.4b 

K  >und 

Treatment 

Cold  drawn 

Mill  annealed" 

31.75  mm 
( 1 .25  in.)  diameter 

Specimen  Sizes 
0.75  mm  (0.25  in.)  diameter  bv 

Hoi  rolled 

1 7.78  by  101 .0  mm 
(0.7  bv  4  in.)  Hr 

79.38  mm  (3.125  tn.)  long 

Strip 

2.03  mm  (0.0S0  in.)  by  0.35  mm  (0.25  in.)  bv  100.05  mm 

Special  M 

Special  *2 

( 4 . 1 99  in.) 

25.4  mm  (1.000  in.)  diameter 
by  101.0  mm  (4.000  in.) 

50.8  by  50.8  by  1 0 .05  mm 
(2  by  2  by  0.~50  in.) 

25.4  mrr.  diameter  by  19.05  mm 
(1  in.  diameter  by  0.750  in.) 

"In  die  range  980  ip  lO.’^C. 


tory  Testing  Program  fell  into  these  tu  ■  basic  categories  fo-  deter¬ 
mining  dynamic  Young's  modulus.  The  third  basic  technique, 
newly  developed,  is  ultrasonic  pulse  spectroscopy.  The  techniques 
will  be  described  in  this  section  of  the  paper  in  the  following  se¬ 
quence:  free-free  beam,  impulse  excitation,  wave  velocity  measure¬ 
ments,  ultrasonic  pulse  spectroscopy,  pit  zoelcctric  ultrasonic  oscil¬ 
lation.  and  magnetically  excited  resonai  ce. 

Free-F-ee  Beam  Technique 

Three  of  the  laboratories  mentioned  in  Table  1  incorporated  the 
free-free  beam  test  method  1 1-3).  While  the  details  of  the  appa¬ 
ratus  at  the  three  locations  vary,  the  basic  principle  of  operation  is 
the  same.  For  brevity,  an  apparatus  will  be  described  which  may  be 
regarded  as  typical  for  the  technique. 

The  test  method  is  patterned  after  the  technique  of  Spinner  and 
Tefft  [2]  of  the  National  Bureau  of  Standards.  F:gure  1  shows  sche¬ 
matically  the  instrumentation  and  the  test  configuration.  The  rec¬ 
tangular  or  cylindrical  specimen  is  suspended  near  its  nodal  points 
by  pure  silk  or  cotton-covered  polyester  thread.  The  nodal  points 
for  beams  of  uniform  section  in  a  free-free  suspension  are  at  dis¬ 
tances  from  the  free  ends  of  approximately  0.22 L  and  0.781  [J], 
For  the  rectangular  specimen  the  cotton  threads  are  positioned  at 
opposite  sides  as  indicated  by  Spinner  and  Tefft  [2]  and  suspended 
from  Astatic  X  26  crystal  cutters  used  as  both  drive  and  pickup 
transducers.  This  configuration  of  opposite  side  suspension  excites 
both  the  flexural  and  torsional  modes  of  vibration.  Cylindrical 
specimens  are  suspended  in  a  similar  manner  except  for  the  obvi- 
ous  off-setting  of  the  suspension  positions.  Alternativelv.  the  better 
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FIG.  I — Schematic  diagram  of  the  instrumentation  used  tn  the  free-free 
hi  t  icsf  method  and  o  f  the  test  con  figuration.  The  specimen  is  suspended 
at  or  near  the  nodal  points. 
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string  suspension  svstem  known  as  the  loop  method  may  be  used 
!5|.  ' 

The  sine  wave  signal  from  a  function  generator  is  fed  to  a  power 
amplifier  and  then  to  the  driver  transducer.  The  pickup  transducer 
has  a  10  X  gain  preamplifier.  The  signal  from  the  pickup  is  ana¬ 
lyzed  on  a  suitable  analyzer,  which  is  configured  in  a  peak  averag¬ 
ing  mode  using  exponential  averaging.  The  function  generator  is 
swept  manually  through  the  frequency  range  of  interest  while  the 
output  signal  is  examined.  The  fundamental  frequency  is  quite 
easily  determined  in  this  manner. 

Physical  measurements  such  as  length,  width,  diameter,  or 
thickness  ate  measured  with  a  machinist's  caliper.  The  density  of 
the  specimen  is  determined  using  mass  and  volume  calculated 
from  the  measured  dimensions. 

The  equations  used  for  calculating  Young's  modulus  are  (4j 

Cylindrical:  E  =  Mz'-j'L^p'A'd'  (4) 

Rectangular:  E  —  48  z\f:L4pA:lr  (5) 

where 

f  =  fundamental  frequency, 

L  =  free  length. 

e  =  density. 

d  =  diameter. 

h  =  thickness,  and 

.4  =  constant  depending  on  the  shape  of  the  specimen. 

■  ■’•■pulse  Excitation  Technique 

The  test  method  entails  (u)  the  excitation  of  the  test  specimen  by 
"leans  of  a  light  mechanical  impulse  la  tap!  and  (b)  the  analysis  of 
he  resultant  transient  vibration.  An  electronic  circuit  is  used  to 


isolate  the  harmonics  and  the  fundamental  resonant  frequence 
from  the  spectrum  of  noise,  end  to  measure  the  period  correspond¬ 
ing  to  the  fundamental  frequency.  The  result  is  displayed  in  digital 
form.  A  block  diagram  for  the  method  is  shown  in  Fig.  2. 

The  specimen  is  supported  preferably  at  the  nodes  of  the  desired 
vibrational  mode.  By  positioning  correctly  the  location  of  the  excit¬ 
ing  impulse,  each  mode  can  be  induced  easily.  Whatever  the  mode, 
the  instrument  will  identify  the  fundamental  resonant  frequency  of 
the  vibration.  Very  little  exciting  energy  is  required,  even  for  very 
large  specimens,  because  the  measurement  is  performed  at  a  very- 
low  strain  amplitude.  Hence  only  a  very  light  tap  is  sufficient  to 
initiate  the  measurement. 

The  most  versatile  means  of  detecting  the  vibrational  motion  is 
provided  by  a  hand-held  piezoelectric  probe.  It  is  used  to  analyze 
signals  from  about  20  Hz  to  80  kHz  in  frequency.  Acoustic,  opti¬ 
cal.  or  electromagnetic  detectors  can  be  used  for  specialized  pur¬ 
poses.  such  as  testing  materials  at  high  temperatures.  With  the 
fundamental  resonant  frequency  thus  obtained  and  the  density  de¬ 
termined  by  the  Archimedes  method,  the  moduli  and  Poisson's  ra¬ 
tio  can  be  calculated  for  regular  shaped  specimens  using  well- 
known  enuaiions  (2j. 

Velocity  of  Ultrasonic  Wave  Pulses 

This  technique  is  one  of  the  better  known  methods  for  measur¬ 
ing  dynamic  moduli  in  materials.  A  brief  account  of  the  theory  be¬ 
hind  the  technique  and  of  the  experimental  arrangement  is  given. 

For  ultrasonic  wavelengths  less  than  the  dimensions  of  the  speci¬ 
mens.  two  normal  modes  of  wave  propagation  in  isotropic  media 
prevail.  They  are  the  longitudinal  and  shear  modes,  with  respective 
velocities  VL  and  V,  (see.  for  example.  Refs  6  and  and  ASTM  H 
494).  Longitudinal  waves,  sometimes  refened  to  as  comaresstonal 
waves,  alternately  compress  and  dilate  the  material  lattice  ti.e.. 
generate  compressive  and  tensile  strains)  as  they  pass  by.  The  re- 


FIG.  2  —  Block  diagram  of  toe  impulse  excitation  technique. 
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suiting  particle  motion  of  the  material  ts  parallel  to  the  direction  of 
wave  propagation.  Shear  waves,  on  the  other  hand,  generate  pani¬ 
cle  displacements  perpendicular  to  the  propagation  direction, 
causing  the  material  lattice  to  shear  as  the  waves  pass  by. 

From  these  two  wave  speeds  and  the  density  p,  all  the  elastic  pa¬ 
rameters  of  the  material  can  be  calculated,  the  Young's,  bull.,  and 
shear  moduli,  and  Poisson's  ratio  (P.R.).  Their  relationships  are 


given  by 

Young's  modulus  =  pV;(3V:L  —  4\'J)/(V'L:  —  Vj)  (6) 

Bulk  modulus  =  p  (V:  —  (-4  3)  V'J  C) 

Shear  modulus  =  pV\  (8) 

P.R.  =  (V;  -  2V;)'(2\'j  -  2V;i  (d) 


Anisotropy  and  inhomogeneity  in  the  specimen  may  be  conve¬ 
niently  evaluated  ultrasonically.  If  a  specimen  is  inhomogeneous, 
different  wave  speeds  w  ill  be  observed  at  different  positions  in  the 
specimen:  if  the  specimen  is  anisotropic,  different  wave  speeds  will 
be  observed  for  different  propagation  directions  in  the  specimen. 
Furthermore,  shear  waves  may  be  used  to  evaluate  anisotropy  in 
the  specimen  by  propagating  them  in  the  same  direction  and  rotat¬ 
ing  the  transducer's  panicle  displacement  (polarization)  vector. 

The  wave  speed  V  in  the  specimen  is  determined  by  measuring 
the  transit  time  r  of  an  ultrasonic  pulse  over  a  known  path  L  in  the 
specimen,  and  by  calculating  V  =  L  't.  It  is  important  to  note  that 
the  distin  lion  between  phase  and  group  velocities  becomes  irrele¬ 
vant  for  non-dispersive  media,  such  as  the  specimens  tested  here. 
This  is  pointed  out  empirically  in  the  following  section.  The  neces¬ 
sary  measurements  to  differentiate  between  group  and  phase  val¬ 
ues  were  not  made.  The  measurement  techniques  applied  here 
could  span  the  difference  between  the  two  values.  In  any  event,  the 
difference  between  the  values  is  probably  less  than  the  measure¬ 
ment  precision  quoted  for  the  metal  samples  studied:  one  part  in  a 
thousand,  or  0. 1  Tc.  Typically.  L  is  tw  ice  some  usable  dimension  in 
the  specimen,  such  as  the  cylinder  bar  length  or  the  thickness  of  a 
flat  strip.  The  factor  of  two  derives  from  the  round-trip  distance  for 
the  pulse  when  making  pulse-ecfo  measurements  using  a  single 


transducer.  The  pulse-echo-overlap  technique  is  convenient  for 
making  precise  transit  time  measurements  |S).  With  this  tech¬ 
nique.  at  least  two  echoes  (with  a  single  transducer)  are  needed  to 
provide  an  overlap  of  successive  echoes  on  the  oscilloscope  by 
means  of  time-delaying  circuitry,  from  which  the  transit  times  in 
the  specimen  are  determined. 

The  ultrasonic  velocity  measurements  are  nn.de  at  frequencies 
ranging  from  5  to  15  MHz  for  the  specimen  dimensions  in  these 
tests,  with  the  higher  frequencies  being  used  for  shorter  path 
lengths.  All  measurements  are  made  at  a  nominal  room  tempera¬ 
ture  of  21  DC.  Figure  3  illustrates  the  principal  components  used  for 
a  majority  of  the  measurements.  (Some  data  are  taken  using  a 
through-transmission  technique  wherein  a  second  transducer  at¬ 
tached  to  tht  opposite  face  of  the  specimen  receives  the  ultrasonic 
pulse.)  A  pulser/receiver  unit  transmits  a  very  short  (less  than  0.1 
ps)  spike  voltage  to  a  transducer,  generating  a  broad-band  ultra¬ 
sonic  wave  of  short  duration  —  less  than  1.0  ps.  for  example,  a:  5 
MHz.  A  typical  broad-band  wave  shape  is  illustrated  in  Fig.  3.  For 
the  rod  sample,  it  should  be  noted  that  the  errors  in  determining 
wave  speed  can  be  very  significant  due  to  sidewall  reflections  using 
the  pulse-echo-overlap  (or  through  transmission)  technique  !0J. 
Alternatively,  the  transducer  may  be  driven  by  a  multi-cycle  sinus¬ 
oidal  voltage  burst,  usually  at  the  transducer's  resonant  frequency . 
which  results  in  a  relatively  narrow  band  ultrasonic  wave  packet  of 
longer  durahon— several  microseconds,  for  example,  at  5  MHz. 
The  transducer  converts  the  excitation  into  a  mechanical  oscilla¬ 
tion  or  sound  wave  which  is  coupled  into  the  specimen  to  propagate 
at  the  sound  velocity.  The  coupling  is  significantly  enhanced  by  use 
of  a  thin  layer  (much  less  than  an  ultrasonic  wavelength)  of  liquid 
or  elastomer  material.  (Other  coupling  techniques  exist  which  '.o 
not  lequire  direct  mechanical  contact  of  transducer  to  specimen 
1 7|.)  Commercially  available  transducers  have  a  casing  that  rouses 
a  piezoelectric  element  and  often  an  impedance  matching  circuit, 
which  art  designed  for  convenient  electrical  attachment  to  the 
pulser/receiver  via  coaxial  cable  and  standard  connectors.  The  pi¬ 
ezoelectric  elements  of  the  transducers  used  in  this  work  range 
from  4  to  13  mm  diameter. 

After  entering  the  specimen,  the  ultrasonic  pulse  echoes  back 
and  forth  between  the  faces  of  the  specimen,  w  hile  cunstautly  de¬ 
caying  in  amplitude  due  to  scattering,  absorption,  ami  boundary 


L? 


FIG.  ^  —  Ultrasonic  velocity  measurement  system  with  direct  contact  rransduc  cr  on  specimen  J  he 
transit  time  of  the  uhrasimtc  pulse  is  mvasurid  h.  the  puisc  ech  tocrii.j-  teehnuine 
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interface  losses.  Each  time  the  wave  pulse  is  incident  at  the  trans¬ 
ducer/specimen  interface,  a  portion  of  the  elastic  wave  energy  is 
converted  into  an  electrical  signal  by  the  transducer.  This  received 
signal  is  then  amplified  and  displayed  on  an  oscilloscope  so  that 
the  transit  time  measurements  can  be  made.  Electronic  techniques 
exist  to  automate  the  measurements  with  direct  computer  control. 
The  accuracy  of  these  measurements  depends  on  the  dimensions  of 
the  specimen  (path  length,  end-face  parallelism,  etc.),  the  particu¬ 
lar  ultrasonic  coupling  technique,  and  the  signal-to-noise  ratio. 
Typically,  the  accuracy  for  these  transit  time  measurements  is  ± 
0.1%  or  better.  The  accuracy  could  be  increased  (if  desired)  by 
taking  into  account  (a)  the  effects  of  beam  spreading  (diffraction) 
and  ( b )  the  small  but  finite  effect  of  the  bond  layer  thickness  on  the 
phase  .shift  upon  each  reflection  from  the  specimen-transducer 
boundary,  as  noted  elsewhere  [10.11].  However,  in  discussing 
these  potentially  high  accuracies,  the  limitations  imposed  by  the 
inhomogeneity  and  anisotropy  of  the  specimens  should  be  kept  in 
mind.  Indeed,  in  Specimen  2.3  (lneoloy  alloy  907)  a  noticeable  an¬ 
isotropy  of  about  10%  for  the  shear  modulus  was  detected  at  both 
Positions  1  and  2  (see  Fig.  3.  bar  sample).  This  anisotropy  effect  on 
the  modulus  most  likely  arises  from  the  texture  observed  in  Alloy  6 
(see  Specimens  section).  The  densities  of  the  specimens  for  this 
study  were  determined  by  the  Archimedes  method,  by  which  the 
density  of  the  specimen  is  measured  relative  to  that  of  distilled  wa¬ 
ter.  The  latter  density  is  known  from  published  tables. 

Ultrasonic  Pulse  Spectroscopy  for  the  Measurement  o  f  Phase 
Velocity  and  Attenuation 

As  discussed  earlier  in  this  paper,  all  the  elastic  parameters  of  a 
material  can  be  calculated  from  the  measurement  of  longitudinal 
and  shear  phase  velocities.  The  technique  described  in  the  previous 
section  is  the  conventional  method  of  measuring  the  wave  speed.  If 
the  specimen  is  thick  (where  the  reflections  can  be  separated  in 
time  domain),  the  transit  time  method  is  the  easiest  and  very  effi¬ 
cient.  However,  if  the  specimen  is  thin  that  method  breaks  down 
and  cannot  be  used.  Even  when  applicable,  the  conventional 
method  requires  human  judgment  and  interference  to  make  good 
measurements.  The  measurement  of  attenuation  is  not  at  all  accu¬ 
rate  and  by  this  method  only  group  velocity  can  be  measured. 

We  have  developed  techniques  which  have  eliminated  all  the 
above  mentioned  limitations.  A  fully  computerized  technique  has 
been  developed  which  can  measure  phase  velocity  and  attenuation 
for  thick  as  well  as  thin  specimens.  The  digitized  signal  in  time 
domain  is  transformed  to  the  frequency  domain  by  the  use  of  Fast 
Fourier  Transforms  (FFT).  If  two  pulses  can  be  separated,  then 
acoustic  parameters,  phase  velocity,  and  attenuation  are  computed 
from  the  phase  shift  and  loss  of  amplitude  between  two  pulses  in 
the  reflected  or  transmitted  signal.  If  the  pulses  cannot  be  sepa¬ 
rated.  the  complete  signal  is  transformed  by  FFT  and,  by  decon¬ 
volving  the  signal  with  respect  to  a  reference  signal,  the  acoustic 
parameters  are  computed.  For  details  of  these  techniques  readers 
are  referred  to  Refs  12  and  13. 

The  techniques  can  be  used  both  in  the  transmission  and  reflec¬ 
tion  mode.  They  can  be  used  in  direct  contact  or  water  immersion 
with  a  minor  change  in  the  governing  equations.  The  techniques 
measure  phase  velocity  and  attenuation  over  a  range  of  frequencies 
from  which  the  group  velocity  can  be  obtained.  Due  to  the  fact  that 
attenuation  can  be  measured  accurately,  a  variety  of  potential  ap¬ 
plications  of  this  technique  are  envisaged.  The  effect  of  tempera¬ 
ture  up  to  the  melting  point  of  a  material  can  be  studied.  The  uni¬ 


formity  of  the  specimen  and  its  porosity  can  be  estimated.  In 
composite  materials  we  are  able  to  assess  damage  due  to  mechani¬ 
cal  and  thermal  loading.  Brief  accounts  of  the  theory  behind  the 
technique,  the  procedure,  and  the  results  follow. 

If  the  pulses  can  be  separated  in  the  time  domain  the  following 
equation  is  obtained  |)J]  for  the  water  immersion  reflection  case: 

C*/F •  =  1  +  Tl2T2,  exp(-/2/t/i)  (10) 

and  for  the  direct  contact  reflection  case: 

G*/F *  =  I  +  A';,  exp(  —  i2klt)  (11) 

where 

G*  =  FFT  of  twe  pulses, 

F*  =  FFT  of  the  first  pulse, 

T„  =  transmission  coefficient  from  medium  i  to  /. 

Rn  =  reflection  coefficient  when  the  wave  travelling  in  medium  / 
reflects  from  i/j  interface. 

It  =  specimen  thickness. 
k  =  k i  +  ik2  is  the  complex  wavenumber. 

=  u'/c  is  the  wavenumber. 
u  =  circular  frequency. 
c  =  wave  speed,  and 
k2  =  attenuation. 

Substituting  k  =  k,  +  ik2  into  Eqs  10  and  1 1  and  comparing  the 
real  and  imaginary  pans  of  the  two  sides,  we  obtain 

k  i  =  2//c  =  o/2  /; 

or  c  =  4/i/(o//) 

and  k2  =  In  (AT ) 

where  <t>  =  phase  of  G*/F*  —  1,  and 

\G*/F*  —  ii/fruT:])  in  water  immersion 
| G*/F*  —  l|/R;i  in  direct  contact 

Similarly,  if  the  pulse  cannot  be  separated,  then  for  the  reflec¬ 
tion  field: 

exp(— i2*A)  =  |0/(l  +  0)]Ri, 

where  0  =  R\2R2\  [G*/F*  —  )]/(Tt2T2l).  Here  G *  is  the  FFT  of 
the  entire  reflected  field  and  F *  is  the  FFT  of  the  reference  signal. 
For  the  transmitted  field: 

exp(  —  ih(k  —  k0))  _  G* 

1  -  R32i  exp(  — /2L-A)  “  Ti:T2,F* 

Here  F *  is  the  FFT  of  the  signal  at  the  receiver  when  there  is  no 
sample  between  the  two  transducers  and  G*  is  the  FFT  of  the  total 
transmitted  signal  after  the  specimen  is  introduced  in  the  acoustic 
path. 

Since  fairly  thick  specimens  were  tested  in  the  tests  reported 
here,  Eq  1 1  has  been  used  in  the  measurements. 

The  block  diagram  of  the  experimental  setup  is  as  shown  in  Fig. 
4.  The  analog  signal  is  collected  h\  the  pulser-receiver  and  is  fed 
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FIG.  4 — Schematic  diagram  oj  the  ultrasonic  pulse  spectroscopy 
technique. 


into  the  digital  oscilloscope.  The  signal  is  digitized  in  the  oscillo¬ 
scope.  The  signal  processing  unit  of  this  oscilloscope  performs  Fast 
Fourier  Transform  on  the  signal.  The  useful  portion  of  the  trans¬ 
formed  signal  is  then  acquired  by  the  computer  for  the  calculation 
of  the  wave  speed  and  the  attenuation.  In  these  steps  several  poten¬ 
tial  sources  of  errors  can  affect  the  results:  (1)  sampling  interval, 
(2)  frequency  resolution,  and  (3)  transducer  response.  The  first 
factor  is  the  digitizing  interval  of  the  acquired  signal.  The  FFT  of  a 
1  MHz  signal  at  10.  20.  40,  and  100  ns  sampling  intervals  was  stud¬ 
ied.  It  was  observed  that  at  the  10,  20,  or  40  ns  sampling  interval 
the  frequency  content  of  the  signal  is  essentially  the  same.  How¬ 
ever.  at  the  100  ns  sampling  interval,  the  signal  loses  some  of  its 
high  frequency  contents.  The  useful  digitizing  intervals  depend  on 
the  frequency  of  the  transducer  being  used.  For  example,  for  10 
MHz  frequency,  at  the  40  ns  interval  some  of  the  high  frequency 
contents  are  lost.  The  second  factor  considered  was  the  resolution 
of  the  signal  in  the  frequency  domain.  A  sampling  interval  of  40  ns 
or  less  with  a  frequency  resolution  of  0.05  MHz  or  less  is  considered 
adequate.  This  factor  is  also  transducer  frequency  related.  The 
third  factor  considered  was  the  useful  range  of  the  transducer  fre¬ 
quency  response.  It  was  found  that  satisfactory  measurements  can 
be  obtained  over  a  frequency  range  given  by  25 To  of  the  peak  re¬ 
sponse  amplitude. 

Three  specimens  were  tested  by  the  technique  described  above. 
The  phase  versus  frequency  plot  for  these  specimens  was  a  straight 
line;  hence  it  can  be  deduced  that  the  phase  velocity  (^w/k)  is 
equal  to  the  group  velocity  (^dui/dk)  for  these  specimens. 

The  measurement  of  the  wave  speed  is  estimated  to  be  accurate 
to  ±0.05%.  The  results  obtained  for  three  specimens  are  pre¬ 
sented  in  Tables  3  and  4.  The  density  for  Specimens  82.2  and  A  1.3 
was  measured  by  the  Archimedes  principle;  the  density  of  Speci¬ 
men  A  1.1  was  measured  by  direct  measurement  of  dimensions  and 
mass.  This  resulted  in  a  larger  uncertainty  in  the  measurement  of 
density  of  Specimen  Al.l  and  consequently  in  a  larger  error  in  the 
value  of  £. 

Piezoelectric  Ultrasonic  Composite  Oscillator  Technique 
(PUCOT) 

Essentially,  the  apparatus  for  the  PUCOT  consists  of  piezoelec¬ 
tric  quartz  drive  (D)  and  gage  (G)  crystals  to  excite  longitudinal  or 
torsional  ultrasonic  (kHz)  resonant  stress  waves  in  the  test  speci¬ 


men  (S)  of  appropriate  resonant  length  via  a  fused  quartz  spacer 
rod  (Fig.  5).  The  components  are  joined  with  Loctite  or  ceramic 
cement  as  test  temperature  dictates.  The  spacer  rod  may  be  omit¬ 
ted  for  measurements  near  ambient  temperatures.  The  resonant 
system  is  driven  by  a  closed-loop  oscillator  which  maintains  a  con¬ 
stant  (preselected)  gage  voltage  and  hence  a  constant  maximum 
strain  amplitude  in  the  specimen.  During  a  test,  values  of  the  reso¬ 
nant  period  of  the  DGS  (drive-gage-specimen)  system  are  recorded 
and  standard  equations  (Table  5)  are  used  to  calculate  Young’s 
modulus  E.  The  validity  of  the  measured  value  for  £  is  determined 
from  the  ratio  £  of  the  period  in  the  specimen  to  that  of  the  quartz 
crystals.  Ideally  the  ratio  should  be  unity.  However,  ratios  between 
0.97  and  1.03  yield  equally  valid  results.  More  detailed  descrip¬ 
tions  of  the  PUCOT  have  been  given  elsewhere  \I4-16\. 

The  PUCOT  is  limited  to  frequencies  between  20  and  200  kHz. 
Therefore  specimens  that  resonate  beyond  this  frequency  range 
cannot  be  tested.  The  test  specimen  may  be  cylindrical  or  a  paral¬ 
lelepiped,  but  the  cross  section  can  vary  in  size  and  shape.  The 
ratio  of  specimen  length  to  the  largest  dimension  in  the  cross  sec¬ 
tion  must  exceed  five  to  prevent  dispersion  of  the  ultrasonic  wave. 
The  strain  amplitude  is  in  the  range  10  F  to  I0~':. 

The  density  of  the  specimens  for  the  PUCOT  study  was  deter¬ 
mined  by  the  Archimedes  method. 

Magnetically  Excited  Resonance 

Magnetically  excited  resonance  involves  the  use  of  an  instrument 
known  as  the  Modul-R  which  measures  the  longitudinal  resonant 
frequency  of  a  specimen  of  ferromagnetic  material  near  25  kHz. 
This  frequency  has  been  selected  because  it  permits  use  of  a  conve¬ 
nient  specimen  length  of  about  100  mm.  For  convenience  of  calcu¬ 
lations  the  specimen  size  is  104.63  by  6.35  mm.  Thicknesses  may 
vary  from  0.203  to  2.03  turn.  The  specimen  must  be  ferromagnetic 
because  both  the  specimen  drive  and  pickup  signals  are  derived 
from  magnetostriction  in  the  specimen. 

A  schematic  diagram  of  the  apparatus  is  given  in  Fig.  6.  The 
method  of  operation  is  as  follows.  The  specimen  is  placed  in  the 
coil  assembly  where  it  is  supported  by  the  bias  coil  frame  at  its 
midlength  location.  A  magnetic  pulse  initiates  the  vibration,  set¬ 
ting  up  a  field  in  the  pickup  coil  from  which  a  small  signal  is  ampli¬ 
fied  and  fed  into  the  drive  coil.  An  alternating  current  passing 
through  the  drive  coil  produces  an  alternating  field  in  the  interior 
of  the  coil.  In  the  presence  of  this  field,  the  specimen  alternately 
contracts  and  extends  longitudinally.  These  vibrations  traverse  the 
specimen  with  the  velocity  of  sound  and  appear  as  vibrations  in  the 
part  of  the  specimen  encircled  by  the  pickup  coil.  These  changes  in 
strain  alter  the  permeability  of  the  specimen  and  its  magnetic  flux 
density.  The  altered  magnetic  flux  density  induces  an  alternating 
current  in  the  pickup  roil  by  amplifying  the  pickup  signal  and 
feeding  it  back  to  the  drive  coil  in  the  correct  phase  relationship 
with  the  mechanical  vibrations  initiated  by  the  bias  coil.  The  speci¬ 
men  becomes  the  frequency-controlling  element  of  the  magneto- 
strictive  oscillator,  and  only  the  fundamental  longitudinal  resonant 
frequency  is  displayed  on  the  digital  output  counter.  On  the  basis 
of  the  results  obtained  for  modulus  with  this  technique,  the  mag¬ 
netic  field  imposed  on  the  specimen  is  small  enough  to  avoid  the 
tsE  effect. 

For  this  interlaboratory  study  only  Specimen  B2.3  (ferromag¬ 
netic  and  of  required  dimensions)  was  tested  with  the  Modul-R. 
The  density  of  the  specimen  was  determined  by  the  Archimedes 

method. 
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TABLE  3 — ASTM  £28. 03. 08  dynamic  Young's  modulus 
intcrlaboraiory  study. 


Alloy  A 

Raw  Data  Table 

Laboratory' 

Specimen 

E.  GPa 

Density,  g/cm' 

1 

i.i 

218.0 

6.43  IA1 

i.i 

218.0 

8.43 

i.i 

218.1 

6.43 

1.2 

216.9 

8.43 

1.3 

218.5 

8.43 

2 

I.I 

210.5 

8.37b  Chcn/Phillips 

1.3 

209.2 

6.339 

3 

1.1 

31.4* 

8.43  Lemmens 

1.1 

216.8 

8.43 

1.2 

216.0 

8.43 

1.3 

217.5 

8.43 

1.3 

217.0 

8.43 

1.3 

216.2 

6.43 

1.3 

217.3 

8.43 

4 

1.1 

212.0 

8.36  NBS/Parallel 

1.3 

205.0 

8.36  NBS/Parallel 

1.3 

215.0 

8.36  NBS/Perpendicular.  pos.  1** 

1.3 

207.0 

6.36  NBS/PcrpendicuJar.  pos.  2** 

5 

1.2 

216.9 

8.371  Texas  A&M  (PUCOT) 

1.4 

216.6 

8.373 

6 

1.1 

215.6 

8.38  Texas  A&M  (Kinra) 

1.3 

214.2 

8.37 

7 

1.1 

203.0 

8.25  3M 

1.3 

210.3 

8.37 

•Reject  this  value  (wrong  harmonic). 

••See  Fig.  3  for  these  positions. 

Density  listed  for  Laboratory  3  was  determined  at  Laboratory  1 . 
Material:  Inconel  alloy  600,  25.4  mm  diameter,  hot-rolled  annealed  rod. 
Specimens: 

1.1:  6.35  mm  diameter  cylinder. 

1.2:  25.4  mm  diameter  cylinder. 

1.3:  3.18  by  6.35  by  101 .6  mm  fiat  strip. 

1.4:  25.4  mm  diameter  cylinder  (separate  specimen  for  Laboratory  6). 


Result* 

The  results  from  the  Interlaboratory  Testing  Program  are  quite 
voluminous.  The  data  received  from  the  various  laboratories  by  the 
senior  author  were  converted  into  values  of  Young's  modulus  by 
use  of  the  various  equations  presented  in  the  Experimental  Proce¬ 
dures  section.  These  values  of  modulus  (and  density)  are  listed  in 
SI  units  in  Tables  3  and  4.  Finally,  bar  graphs  of  the  Young's  mod¬ 
ulus  measurements  and  the  percentage  deviations  from  the  average 
values  of  the  moduli  for  Materials  A  and  B  are  presented  in  Figs.  7 
to  10. 


Analysis  of  Results  and  Discussion 

Considering  the  wide  variety  of  apparatus  used  in  the  eight  labo¬ 
ratories.  the  results  for  dynamic  Young's  modulus  of  the  two  alloys 
are  encouraging.  Tables  3  and  4  show  that  the  modulus  ranges 
from  203  to  219  GP-  ior  Material  A  and  from  15b  to  172  GPa  for 
Materia)  B.  The  mean  and  standard  deviation  for  Material  A  are 
213.91  and  4.46  GPa,  respectively.  It  is  interesting  to  note  that  the 


deviations  about  the  mean  for  Material  A  (Fig.  8)  are  all  positive  or 
all  negative  for  a  particular  laboratory.  While  this  result  may  sug¬ 
gest  particular  systematic  errors  associated  with  the  apparatus  at 
any  given  laboratory,  this  suggestion  tends  to  be  negated  by  an  in¬ 
spection  of  the  deviations  about  the  mean  for  Material  B  (Fig.  10). 
Here  the  deviations  for  four  of  the  eight  laboratories  are  both  posi¬ 
tive  and  negative. 

A  closer  examination  of  Table  4  reveals  that  one  of  the  results 
(2.3)  for  Laboratory  4  is  outlying.  Indeed,  this  was  precisely  the 
datum  for  which  a  poor  signal  was  noted  during  testing  (see  section 
also  for  the  comments  on  anisotropy  and  texture).  Therefore  it 
seems  appropriate  to  discard  this  outlying  result.  When  this  is 
done,  the  deviations  about  the  mean  for  Material  B  group  closely 
(Fig.  10).  The  mean  and  standard  deviation  for  the  dynamic 
Young's  modulus  are  159.16  and  2.84  GPa,  respectively,  for  Mate¬ 
rial  B. 

In  connection  with  the  adjustn.cnt  of  the  data  a  very  important 
point  arises.  The  determination  of  the  density  of  the  specimen  is  an 
intrinsic  part  of  modulus  determination  for  all  the  techniques 
used.  Therefore  it  is  necessary  to  consider  the  density  results  from 
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TABLE  A—ASTM  E28.03.0S  dynamic  Young's  modulus  interlaboratory  study. 


Alloy  B 

Raw  Data  Tubie 

Laboratory 

Specimen 

£.  GPa 

Density,  g/cm5 

1 

2.1 

161.5 

8.34 

IAI 

2.2 

159.9 

8.34 

2.3 

157.2 

8.34 

2 

2.1 

164.1 

8.392 

Chen/Phillips 

2.3 

155.7 

8.225 

3 

2.1 

162.0 

8.34 

Lemmens 

2.1 

161.8 

8.34 

2.1 

160.8 

8.34 

2.3 

158.4 

8.34 

4 

2.1 

156.0* 

8.25 

NBS 

2.3 

172.0** 

8.25 

5 

2.1 

156.0 

8.27 

Texas  A&M  (PUCOT) 

2.3 

162.0 

8.26 

6 

2.2 

163.0 

8.27 

Texas  A&M  (Kinra) 

7 

2.1 

156.8 

8.20 

3M 

2.3 

155.8 

8.17 

2.3 

158.0 

8.17 

8 

2.3 

159.2 

8.26 

Modul-R 

Density  listed  for  Laboratory  3  was  determined  at  Laboratory  1. 
Material:  lncoloy  alloy  907.  19.CS  mm  thick,  hot-rolled  flat. 
Specimens:  2.1:  6.35  mm  diameter  cylinder. 

2.2:  25.4  mm  diameter  cylinder. 

2.3:  1.91  by  6.35  by  101.6  mm  flat  strip. 

•Wave  propagation  parallel  to  the  length  of  the  specimen. 
••Wave  propagation  perpendicular  to  the  length  of  the  specimen. 


THREE  COMPONENT  FOUR  COMPONENT 

SYSTEM  SYSTEM 


SPECIMEN 


I 

FUSED  QUARTZ  j  i  J 

FURNACE 


srnurn  nuu  i  t, 


SPECIMEN 


'  1 
It) 


TABLE  5 —PUCOT  equations  j or  the  three-component  system. 


L  -  (1/lmE/p)'  •  =  A/2 
t IS)  =  m(5)‘ 5  r(DG)7<DGS)M 
A  =  { r(DG):m{DGS)  -  rl DGS):m{DG))‘  '■ 
E  =  4  pL'-.  AS)' 

L  =  specimen  length 
J  =  frequency 
E  =  Young's  modulus 
p  =  density 
A  =  wavelength 
t  =  resonant  period 
S  =  specimen 
D  =  drive  crystal 
G  =  gage  crystal 
m  =  mass 


FIG.  5— ictit/wunfc  diagram  of  the  PUCOT.  Left-hand  side:  three-com¬ 
ponent  system  for  measurements  at  room  temperature-  right-hand  side: 
four-component  system  for  measurements  at  temperatures  above  room 
temperature.  Shown  is  the  arrangement  with  longitudinal  quart:  crystals. 


all  the  laboratories  in  more  detail.  Figi-es  11  and  12  show  bar 
charts  of  density  for  Materials  A  and  B.  For  Material  A  the  mean 
density  was  found  to  be  8.361  g/cm3  with  a  standard  deviation  of 
0.<M8  g/cm3:  the  corresponding  values  for  Material  B  are  8.263 
and  0.072  g/cm3.  Again  it  must  be  remembered  that  at  some  of  the 
laboratories  the  Archimedes  method  of  density  determination  was 


used,  while  at  others  the  density  was  determined  from  masses  and 
physical  dimensions  of  the  specimens.  That  the  deviations  about 
the  means  for  densities  are  mostly  less  than  0.08%  ts  encouraging. 

To  proceed  with  the  final  adjustment  of  the  dynamic  Young's 
modulus  data  we  have  used  what  we  term  common  density  and 
'ww""  .tier l-cmcrics.  Common  density  for  the  material  is  the 
value  obtained  by  Laboratory  4  (NBS):  Alloy  A.  8.36  g/cm3;  Alloy 
B,  8.25  g/cm3.  (These  values  are  very  close  to  the  means  given  in 
Figs.  11  and  12.)  Common  mathematics  is  a  term  indicating  appli¬ 
cation  of  the  same  equations  (including  certain  correction  factors 
for  shape  and  aspect  ratio  of  the  specimens,  given  by  Spinner  and 


Wviaiions  rRuu  mean.  I'tRCOil  ;•  riHinr,',  Mniriu'S.  wa 


WOLFENDEN  ET  AL.  ON  DYNAMIC  YOUNG'S  MODULUS  MEASUREMENTS  1 1 


(PRODUCES  ALTERNATING  (PULSED  TO  (SENSES  ALTERNATE  COMPRESSIVE 

FIELD  IN  SPECIMEN  )  INITIATE  VIBRATION  |  1  TENSILE  STRAINS  IN  SPECIMEN  | 


STEEL  SPECIMEN  IS  USED  AS  FAEOUENCY-CONT  ROLLING 
ELEMENT  IN  MAGNETOSTRICTIVE  OSCILLATOR 


FIG.  6 — Schematic  diagram  of  the  magnetically  excited  resonance  system  known  as  the 
Modul-R. 


:aq 
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LABORaTORt 

FIG.  7 — Values  of  dynamic  Young's  modulus  for  Material  A  measured 
the  laboratories  taking  part  in  the  testing  program. 
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LABORATORY 

FIG.  9 — Values  of  dynamic  Young's  modulus  for  Material  B  measured 
in  the  laboratories  taking  part  in  the  testing  program. 


LABORATORY 

FIG.  &— Percentage  deviations  from  the  mean  value  of  dynamic  Young  j 
modulus  for  Material  A. 
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LABORATORY 

FIG.  10— Percentage  deviations  from  the  mean  value  of  dynamic 
Young  s  modulus  for  Material  B. 
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FIG.  11  —  Values  of  density'  determined  for  Material  A  at  the  various 
laboratories. 


LABORATORY 

FIG.  12 — Values  of  density  determined  for  Material  B  at  the  various 
laboratories. 


Tefft  12])  to  convert  measured  values  of  frequency  to  values  of 
modulus  for  the  free-free  beam  technique  (Laboratories  1,2,  and 
7)  and  for  the  impulse  technique  (Laboratory  3).  With  these  ad¬ 
justments,  the  final  results  are  presented  in  Figs.  13  to  16.  For  Al¬ 
loy  A  the  mean  value  of  dynamic  Young's  modulus  is  213.3  GPa 
with  a  standard  deviation  of  3.43  GPa  (1.6%).  The  corresponding 
values  for  Alloy  B  are  160.59  and  2.37  GPa  (1.5%),  with  the  result 
for  Specimen  2.3  from  Laboratory  4  removed. 

A  further  comment  on  the  final  adjustments  of  the  dynamic 
Young's  modulus  data  is  in  order.  The  value  of  modulus  for  Speci¬ 
men  A1.3  measured  at  Laboratory  7  was  obtained  using  the  first 
overtone  rather  than  the  fundamental.  This  would  cause  a  lowering 
of  the  precision  of  the  modulus  value.  The  standard  deviations  (1.5 
and  1.6%)  about  the  means  mentioned  above  are  therefore  larger 
than  are  potentially  realizable  by  the  dynamic  techniques  used. 

To  put  a  perspective  on  the  quality  of  the  results  from  this  Inter¬ 


LABORATORY 

FIG.  13 — Dynamic  Young's  modulus  results  for  Material  A  with  adjust 
meats  Jor  common  density  and  common  mathematics. 
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LABORATORY 

FIG.  14 — Percentage  deviations  from  the  mean  value  of  dynamic 
Young 's  modulus  for  Material  A  with  adjustments  for  common  density  and 
common  mathematics. 


laboratory  Testing  Program  for  dynamic  Young's  modulus,  it  is 
instructive  to  look  at  the  results  from  the  earlier  round-robin  study- 
done  at  seven  laboratories  for  static  Young's  modulus  |/7).  For  the 
static  modulus  on  a  steel  specimen  the  mean  value  was  211.3  GPa 
with  a  standard  deviation  of  5.1  GPa  or  2.4%. 

There  does  not  appear  to  be  any  significant  effect  of  frequency- 
on  the  value  of  dynamic  Young's  modulus  in  the  materials  exam¬ 
ined.  Specifically,  frequencies  as  low  as  780  Hz  (Laboratory- 1)  and 
as  high  as  15  MHz  (Laboratory  4)  were  used  for  the  modulus  mea¬ 
surements,  but  no  frequency  dependence  was  established. 

Conclusions 

From  this  study  of  dynamic  Young's  modulus  measurements, 
performed  as  an  Interlaboratory  Testing  Program  involving  six 
types  of  apparatus,  six  different  organizations,  and  specimens 
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FIG.  15 — Dynamic  Young's  modulus  results  for  Material  B  with  adjust • 
merits  j or  common  density  and  common  mathematics. 
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FIC.  16 — Percentage  deviations  from  the  mean  value  of  dynamic 
Young's  modulus  for  Material  B  with  adjustments  for  common  density  and 
common  mathematics. 


from  a  well-documented  source,  we  can  draw  the  following 
conclusions: 

1.  AH  the  measurements  of  dynamic  Young's  modulus  involved 
the  basic  wave  equation  (Eq  1)  for  the  propagation  of  an  elastic 
wave  in  an  elastic  medium. 

2.  The  determination  of  the  mass  density  of  the  specimens  was 
an  intrinsic  part  of  the  determination  of  dynamic  Young's  modulus 
for  all  the  techniques  used  in  this  study. 

3.  All  the  techniques  (free-free  beam,  impulse  excitation,  wave 
travel  time,  ultrasonic  pulse  spectroscopy,  piezoelectric  oscillation, 
and  magnetically  excited  resonance)  yielded  values  of  dynamic 
Young's  modulus  that  agreed  closely  with  each  other  (to  within 
1.6%). 

4.  The  mean  value  for  dynamic  Young's  modulus  for  Inconel 
600  (Alloy  A)  was  determined  as  213.3  GPa  with  a  standard  devia¬ 


tion  of  3.4  GPa,  while  the  corresponding  values  for  Incoloy  907 
(Alloy  B)  were  160.6  and  2.4  GPa.  respectively.  These  modulus  val¬ 
ues  are  based  on  the  density  values  of  8.36  and  8.25  g/cm3  for  Ma¬ 
terials  A  and  B,  respectively,  measured  at  NBS,  and  on  common 
mathematical  equations  for  cenain  techniques  used  in  this  study. 

5.  There  does  not  appear  to  be  any  significant  effect  of  fre¬ 
quency  on  dynamic  Young's  modulus  in  the  materials  tested  for 
the  frequency  range  780  Hz  to  15  MHz. 
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A  New  Technique  for  Ultrasonic-Nondestructive 
Evaluation  of  Thin  Specimens 

by  V.K.  Kinra  and  V.  Dayal 


ABSTRACT — Combining  standard  FFT  methods  with  conventional 
ultrasonics,  a  method  has  been  developed  for  measuring  the 
phase  velocity,  the  group  velocity  and  the  attenuation  in  ultra- 
thin  specimens  (submillimeter  or  subwavelength  in  thickness). 
A  detailed  description  of  this  technique  is  given.  The  tech¬ 
nique  was  used  on  four  disparate  materials:  aluminum,  an 
epoxy,  a  particulate  composite  and  a  graphite-fiber/epoxy 
composite.  The  method  works  equally  well  for  thin  or  thick 
specimens,  and  for  dispersive  as  well  as  nondispersive  media. 

List  of  Symbols 

a  =  a  characteristic  length;  half  crack  length  or 
particle  radius,  mm 

c,c,  =  longitudinal  phase  velocity  in  specimen, 
mm/  |i$ 

c0  -  longitudinal  phase  velocity  of  wave  in 
immersion  medium  (water),  mm/  /is 
c,  =  group  velocity  in  specimen,  mm/ps 
f  =  frequency,  MHz 
/,  =  cut-off  frequency,  MHz 
A/  =  frequency  resolution,  MHz 
F*(us)  =  Fourier  transform  of /(/) 

<3*(u)  =  Fourier  transform  of  g(t) 
h  =  plate  thickness,  mm 
'  =  nFT 

k  =  complex  wave  number  =  k,  +  ik„  mm"1 
Ar«  =  wave  number  in  water,  real,  mm" 
k,  =  w/c,  wave  number  in  specimen,  mm" 
kj  s  attenuation  coefficient,  nepers/mm 
m  =  integer;  number  of  complete  round  trips  taken 
by  the  wave  across  the  plate  thickness 
M  =  magnitude  of  a  complex  number 
N  =  number  of  digitizing  points 
Ry  =  reflection  coefficient  in  medium  /'  from 
medium  j 

T  =  sampling  interval  in  time  domain,  ns 
T,  -  signal  length,  ps 

Tu  =  transmission  coefficient  for  a  wave  incident  in 
medium  i  and  transmitted  into  medium  j 
t  -  time,  |is 

u  m  particle  displacement 
x  «  distance 

0  ”  normalized  frequency,  2  xfa/c, 

X  m  wavelength,  nun 

f  «  normalized  wave  number,  lx  fa/ <  c,  > 
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q  =  density  of  specimen,  g/ml 
go  =  density  of  water,  g/ml 
tf>  =  phase  of  a  complex  number 
as  =  circular  frequency,  rad/ps 

<  >  =  aggregate  property  of  composite 

Introduction 

The  classical  method  of  measuring  the  speed  of  sound 
in  nondispersive  media  is  the  time  of  flight  method  (see 
Ref.  1  for  example).  We  note  that  in  a  nondispersive 
isotropic  medium  the  phase  velocity  and  the  group  velocity 
are  identical.'  When  the  material  is  either  dispersive  or 
exhibits  frequency-dependent  attenu  .'  m  this  method 
breaks  down  and  a  suitable  method  then  is  the  so-called 
tone-burst  method.  Here,  a  burst  of  pure  tone,  typically 
about  ten  cycles  in  duration  is  used.  This  places  a  con¬ 
straint  on  the  specimen  thickness;  it  must  be  thick  enough 
so  that  the  tone-burst  reflections  from  the  two  faces  of 
the  specimen  can  be  clearly  separated  in  the  time  domain, 
i.e.,  it  should  be  roughly  five-wavelengths  thick.  For 
example  in  steel  at,  say,  one-MHz  frequency,  the  required 
minimum  thickness  would  be  about  30  mm.  There  are 
many  situations  of  practical  importance  where  one  must 
conduct  an  ultrasonic  examination  of  specimens  which 
are  considerably  thinner  than  five  wavelengths.  For 
example,  aircraft  and  aerospace  structures  using  graphite/ 
epoxy  or  metal-matrix  composites  employ  panels  as  thin 
as  one  mm.  Chang  el  at.'  have  developed  a  technique  for 
the  measurement  of  phase  velocity  in  thin  laminates.  They 
perform  an  FFT  of  the  front-surface  and  the  back-surface 
reflections  of  a  signal.  The  amplitude  versus  frequency 
curve  is  characterized  by  a  series  of  resonance  peaks.  The 
peak  spacing  yields  the  phase  velocity  which  is  the  same 
as  the  group  velocity.  The  deviation  between  the  group- 
velocity  vector  and  the  phase-velocity  vector  is  zero  for 
wave  propagation  parallel  or  perpendicular  to  the  fibers; 
it  is  assumed  that  the  material  is  nondispersive.  This 
method  requires  human  analysis  of  data.  Further,  one 
cannot  measure  attenuation  by  this  method.  More 
recently,  Heyman*  has  developed  a  technique  called  phase- 
insensitive  tone-burst  spectroscopy.  Although  this  tech¬ 
nique  yields  excellent  results,  it  requires  the  use  of  rather 
specialized  and  sophisticated  transducers  called  acousto¬ 
electric  transducers  (AET)  which  are  not  yet  commercially 
available. 

By  combining  standard  FFT  methods  with  conventional 
ultrasonics  (using  commercially  available  broadband 
piezoelectric  transducers)  we  have  been  able  to  develop  a 
method  by  which  one  can  measure  the  phase  velocity,  the 
group  velocity  and  the  attenuation  in  ultra-thin  specimens 
(submillimeter  or  subwavelength  in  thickness).  There  are 
many  situations  in  which  one  cannot  obtain  a  series  of 
resonance  peaks  required  by  the  method  of  Chang  et  a/.’ 
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Our  method  works  even  in  the  absence  of  a  single 
resonance  peak.  A  detailed  description  of  this  technique 
is  the  central  objective  of  this  paper.  We  will  illustrate  the 
use  of  this  technique  on  four  distinctly  disparate  materials: 
aluminum,  an  epoxy,  a  particulate  composite  and  a 
graphite-fiber/epoxy  composite.  It  will  be  demonstrated 
that  this  technique  works  equally  well  for  thin  or  thick 
specimens,  and  for  dispersive  as  well  as  nondispersive 
media. 


Theory 

Consider  an  infinite  elastic  plate  immersed  in  an  elastic 
fluid  (water).  A  Lagrangian  diagram  indicating  the  space¬ 
time  location  of  a  wavefront  which  occupied  the  position 
x  =  0  at  time  t  =  0  is  shown  in  Fig.  1.  A  plane-fronted 
finite-duration  pulse,  Ray  1,  is  normally  incident  on  the 
plate.  This  results  in  an  infinite  series  of  reflected  and 
transmitted  pulses.  The  expressions  for  the  reflection  and 
transmission  coefficients  of  a  displacement  wave  for 
perfectly  elastic  media  may  be  found  in  Achenbach’s 
book.’ 

Let  the  displacement  in  the  incident  field  be  given  by 

u‘"c  =/.(«/  -kox)  (1) 

where  /«(s)  «■  0  for  s  <  0.  Here  u>  is  the  circular  frequency 
and  ka  is  the  wave  number  of  a  monochromatic  harmonic 
wave;  c0  =  u/k,.  The  displacement  field  along  the  various 
reflected  rays  may  be  written  as 


u2  =  R„Ms  -  s,);  sa  =  2k0a 


u»  —  T„R„TitMs-st);st  =  2k0a  +  2kh 

(2) 

U|«  —  1*11^1,  I*!  -  tw);  tw  —  2kaa  +  4kh 


etc. 


The  total  transmitted  field  may  be  written  as 
00 

w  =  T„  r„  L  RirMs  -  Smy,  s  =  h\(2m  +  1  )k-  *„] 

m= 0 

(6) 


In  eqs  (4)  and  (6)  m  is  the  number  of  complete  round 
trips  taken  by  the  wave  across  the  plate  thickness  h. 

The  Fourier  transform  of  a  function  f(t)  is  defined  as 


/( t)  e'iM  dt ,  -  oo  <  u  <  oo 


(7a) 


with  the  associated  inverse  transform  given  by 

/(f)  =  _J —  j  p.(u)  c'»<  dol  (7b) 

s/nr 


Analysis  for  Thick  Specimens 

We  first  consider  the  case  of  a  relatively  thick  specimen 
such  that  various  pulses  in  Fig.  1  can  be  clearly  separated 
from  each  other  in  the  time  domain.  Let/(r)  be  the  signal 
corresponding  to  Ray  2  and  g(t)  be  the  signal  corre¬ 
sponding  to  Rays  2  and  6  combined  sensed  by  a  trans¬ 
ducer  at  x  =  0.  (This  is  the  so-called  pulse-echo  mode.) 
Then 

/(/)  =  /?„/„(<-«- 2*„u)  (8) 

and 


g(f)  =  T,2Rt,  r21/0(u)/  -  2k„a  -  2 kh)  +  f(t)  (9) 

Let  F*(w),  G*(u)  and  F$(u>)  be  the  Fourier  transforms 
of  At),  g{t)  and  Ml),  respectively.  Then,  a  straight¬ 
forward  application  of  the  shifting  theorem  for  Fourier 
transforms  yields 


Here,  s  =  at  +  k„x,  h  =  b  -  a  is  the  plate  thickness, 
Ru  is  the  reflection  coefficient  in  medium  i  from  medium 
j.  Ty  is  the  transmission  coefficient  for  a  wave  incident 
in  medium  i  and  transmitted  into  medium  j,  k  =  u/c, 
c  is  the  phase  velocity  in  the  plate,  and 


F*(U)  =  Rue-^FUu)  (10) 

C*(o>)  =  tf,2f?(«)e-m o*(l  -  T»Tue-akh)  (H) 
and 


SsSLlSL*  -r, 

QoCo  +  QC 


= 


=  2goC« 

QoCo  +  ec 


=  2  -  T» 


(3) 


where  <?«  and  q  are,  respectively,  the  density  of  water  and 
the  plate  material.  The  entire  reflected  field,  ur  =  u,+ 
«. +«!*  +  ....  ob,  may  be  written  as 


G*(a>)  _ 
F*(o) 


1  -  T„T»e-‘2k* 


(12) 


It  is  emphasized  that  in  the  foregoing  it  is  assumed  that 
the  plate  behaves  in  a  perfectly  elastic  manner,  i.e.,  the 
wave  number  k  is  real  and  c  =  u/k  is  a  constant.  The 


u'  *  ~  St)  +  TuRnTn  E  RSf  1  fofs  —  sm) 

m- 1 

sm  ■  2k, a  -t-  m  2 kh  ^ 

In  an  exactly  analogous  manner,  one  can  write  down 
the  expressions  for  the  transmitted  pulses.  With  s  =ut  - 
k*x 


it,  m  TitTttftfs - s,)\  s,  m  h(k  —  ka) 

u,  -  T„R  J,  T„Ms  -  s$);  s,  -  k(3k  -  k,)  (5) 

u  12  *  Tn  R^t  T„f,(s-s„);  s„  ■  h(Sk  —  k,) 


etc. 


Fig.  1— Various  ref  (actions  and 
transmissions  from  a  plats  Immersed 
in  water 
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key  term  in  eqs  (1 1)  and  (12)  is  e~‘Uk  or  e"'“"/c.  Thus,  in 
eq  (11)  if  one  plots  |G*(w)|  versus  u  it  will  be  charac¬ 
terized  by  a  series  of  resonance  peaks  whose  spacing  is 
given  by  A(2ftu/c)  =  2*,  or,  in  view  of  «  =  Inf, 

c  =  2hAf  (13) 

Measurement  of  c  in  aluminum  using  eq  (13)  is  illustrated 
in  Fig.  2.  Here  F(a)  =  |/^(«)|  and  G(<u)  =  |G*(w)|. 
Note  that  G(ui)  consists  of  the  transducer  response, 
F(u),  superimposed  by  an  oscillation  due  toe~‘u“/c  term. 

A  further  improvement  in  the  measurement  method  can 
be  achieved  by  plotting  lG*(u)/F*(w)  -  1],  eq  (12).  This 
is  illustrated  in  Fig.  3.  By  taking  out  the  shape  of  the 
transducer  response  we  are  left  with  oscillations  due  to  the 
constructive  and  destructive  interference  between  the 
front-surface  (Ray  2)  and  back-surface  reflections  (Ray  6). 

Even  though  eq  (12)  is  derived  for  an  elastic  material  it 
is  rigorously  valid  for  a  linear-viscoelastic  material  provided 
the  damping  is  small,  i.e.,  in  *  =  k,  +  ik„  ki/kl  <  <  1. 
This  elementary  proof  is  deferred  to  the  Appendix.  We 
rewrite  eq  (12)  as 

e-‘lkh  =  -|G*(u>)/F*(w)-l]/r,Jr11  =  Me‘* 

(14a) 

Then,  by  equating  real  and  imaginary  parts. 


and 


*,(<■>)  =  -4>/2h 

*,(«)  =  (In  M)/2h  (14b) 


where  M  =  |((G*(u>)/F*(a>)l  -  !|/r„r„|.  Since 
k,(u )  =  u/c and  oj  =  2rf 

c  =  (-%//)  and  *‘<M>  *  V"M)'2h  (15) 


These  are  the  desired  equations  for  calculating  the  phase 
velocity  and  the  attenuation. 

Now  consider  the  transmitted  field  for  a  thick  specimen. 
Two  measurements  are  made.  In  the  first,  the  specimen  is 
removed  from  the  water  path,  i.e.,  the  wave  travels  solely 
through  water.  Let  the  receiving  transducer  be  located  at 
some  x  =  l>b.  Then  «'"*(/, r)  ■ /(/)  =  /,(«/  -  k0l). 
The  specimen  is  now  inserted  in  the  wavepath  and  the 
signal  due  to  Ray  4  alone  is  recorded.  Thus,  u4(/,r)  ■ 
g(f)  —  7*u 7j, —  k&l  —  2koO  —  kh).  Then, 

=  T„T„e-‘<»**"  (16) 


is  set  equal  to  Me‘*  then 


k,(u)--<t>/h  (17a) 

and 

*i(o>)  =  Un  M)/h  (17b) 

where  A#  =  |  /Tl2T„.  Substituting  kt  =  2 *//c, 

we  get 

c  =  and  *»(«)  =  ln  M/h  (18) 


Another  variation  of  this  technique  is  when  signals  for 
both  Rays  4  and  8  are  quite  large.  Then  the  following 
approach  yields  more  accurate  results  because  the  data 
reduction  can  be  done  from  a  single  experiment.  Let 
fit)  and  g(t)  be  the  signals  corresponding  to  Rays  4  and 
8,  let  F*(u)  and  G*(u)  be  their  Fourier  transforms  then 


_  D1  p-llkh 

F»(u)  11 


(19) 


as  before,  if  we  set  G*(o>)/ F*(w)  R =  Me‘*,  then 
eq  (15)  can  be  used  to  calculate  the  wave  speed  and 
attenuation.  In  the  following  for  brevity,  these  methods 
will  be  referred  to  as  the  second/first  method. 

We  note  that  this  method  is  equally  effective  for 
dispersive  media.  From  eq  (14)  one  plots  k,  versus  u. 
A  secant  to  the  curve  yields  inverse  of  the  phase  velocity 
(phase  slowness).  For  dispersive  media  a  quantity  of 
interest  is  the  group  velocity.  This  is  the  speed  with 
which  energy  propagates  in  a  medium,  ct  =  dw/dk,; 
this  too  can  be  computed  from  the  phase  plot,  and  eq 
(14b)  yields  frequency-dependent  attenuation.  Finally,  we 
introduce  a  normalized  attenuation  k2X.  This  is  the 
attenuation  of  a  wave  over  one  wavelength.  The  motiva¬ 
tion  for  this  particular  normalization  is  that  for  a  linear- 
viscoelastic  material  k,\ is  independent  of  frequency. 


Analysis  for  Thin  Composites 

In  this  paper  the  qualifiers  ‘thick’  and  ‘thin’  are  used 
in  the  following  sense.  When  various  reflections  or  trans¬ 
missions  corresponding  to  a  short-duration  pulse  can  be 
separated  in  the  time  domain,  the  specimen  is  considered 
thick.  However,  the  duration  (or  length)  of  the  pulse 
depends  on  the  center  frequency  of  the  transducer. 
Hence,  with  reference  to  the  absolute  dimensions  of  the 
specimen  the  use  of  the  word  ‘thick’  is  quite  arbitrary. 
On  the  other  hand  the  word  ‘thick’  is  not  arbitrary  with 


retaueNCv, r  <mm*> 


Fig.  2— Magnitudes  of  Fourier 
transform*  of  f(t)  and  p(f)  when 
pulse*  can  bo  separated 


F«oue»cY,  r  <whi> 


Fig.  3— Magnitude  of 
Q*(«)/F‘(«)-1  from  Fig.  2. 
Resonance  spacing  can  be 
measured  easily  from  th*  zero 
line  crossings 
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respect  to  the  wavelength,  i.e.,  a  specimen  is  thick  if, 
roughly,  A  2  3X. 

The  total  reflected  field  comprising  Rays  2,  6,  10,  14 
...  os  at  x  =  0  is  given  by  eq  (12)  as 

u'(o,t)  m  g(t)  =  R„/0(ut-2k„a) 

+  T„RltT„  £  Rl{m~" Mwt-lkoa-mlkh) 


Let  g(t)  be  the  total  transmitted  field,  Rays  4,  8,  12, 
...  00 .  Then  from  eq  (6) 

g(t)  —  TtiTt,  £  Rit  A {(2/w  +  l)*-M) 

m= 0 

(26) 

c*(<q)  _ 

f(o>)  1  -Rl,e-<ik* 


(20) 

Note  that  Ray  2  cannot  be  used  as  the  reference  signal. 
One  has  to  conduct  a  separate  experiment  as  follows.  The 
thin  coupon  is  replaced  by  a  thick  coupon  with  the  front 
surface  precisely  at  x  =  a.  Let  the  front-surface  reflection 
be  labeled /(/).  Then 


f(t )  —  Riifoi&t  —  2kaO) 

F*(u)  =  R,ie~ilko“  f?(oj) 

G*(w)  =  F*(o>)  +  T^Rt.Tu  £  RXm-"Fg(o>)  . 


We  note  one  major  difference  between  eqs  (23)  and  (27). 
Unlike  eq  (23),  eq  (27)  is  a  quadratic  in  Z  =  exp  ( -  ik  A). 
This  presents  some  additional  numerical  problems.  These 
are  discussed  next.  Equation  (27)  may  be  rewritten  as 


where 


ZJ+ZK-D„  =  0 


T^T,,  F*(u) 
Ri,Z0  G*(u>) 


(28) 


Z0  =  exp  (  -  iAAo) 


D„  =  1  //?J, 


g-i[Zk0a+m  2kh] 

(21) 

Let 

Z  =  Rj,  e~i2kh  |Z|  <  1 

(22) 

Then 

G*  T„T„  f 

F*  RuRu  mt  1 

Observing  that  for  |Z|<1,  (1  -  Z)'1  =  1 
.  .  .  00 ,  and  defining 

+  Z+Z’  + 

n  R\\R%\  ,\ 

0  -  T„r,,  !) 

we  get 

z  =  11 

1  +0 

(23) 

From  Z  one  can  readily  calculate  the  complex-valued 
wave  number  A(w). 

For  completeness  we  include  here  a  variation  of  this 
method.  Suppose  a  thick  coupon  to  obtain  a  reference 
signal  is  not  available  (this  difficlty  will  be  discussed 

later).  One  can  then  use  a  thick  specimen  of  some  other 
material;  we  have  used  a  block  of  aluminum.  Let  the 
acoustic  impedance  of  this  material  be  c,c, .  Let  the  front- 
surface  reflection  be /(f)  =  Rfoioit  -  2k„a)  where  the 
reflection  coefficient  P  =  (e0c, -ciCi)/(e0c,  +  q,c,), 
and  g(/)  is  still  given  by  eq  (18).  As  before  with 


Pt»Pu  r  P  G*(«)  .  1 

=  TnT»  F*(»)  J 

(24) 

Z  -  **,e-“*  =  0/(1  +0) 

(25) 

In  the  following  for  brevity  these  methods  will  be  referred 
to  as  the  all/ first  method. 

We  notr  consider  the  transmitted  field.  Here  a  second 
transducer  is  used  as  a  receiver  at  some  x  **  /> b.  To 
obtain  a  reference  signal  the  specimen  is  removed  and  the 
signal  through  water  is  recorded. 

At)  -  «"■*(/, 0  -  Mwt-ktl) 


and  k0  is  the  wave  number  in  water.  Since  the  phase 
velocity  in  water  is  known,  Z0  is  known  a  priori.  If  the 
acoustic  impedance  of  the  plate,  qc,  was  known,  one 
could  calculate  Ty  and  Ry.  However,  c  is  precisely  the 
unknown  we  are  seeking  to  measure.  This  problem  could 
be  solved  by  a  simple  iteration  procedure.  An  approximate 
phase  velocity  was  initially  used  in  the  algorithm  to 
estimate  Tu  and  Ry.  The  quadratic  equation  (28)  is 
solved  and  two  roots  of  Z  are  obtained.  The  correct  root 
is  chosen  based  on  the  fact  that  the  phase  of  Z  decreases 
as  frequency  increases  (for  the  other  root  the  reverse  is 
true).  This  velocity  is  used  for  the  next  iteration  cycle. 
This  procedure  converges  very  rapidly.  When  we  purposely 
supplied  an  initial  phase  velocity  with  a  very  large  error 
(30  percent),  the  convergence  was  found  to  occur  in  about 
five  iterations.  More  realistically,  the  wave  speed  can  be 
estimated  to  within  five  percent.  Here  convergence  to 
within  0.01  percent  occurs  within  three  or  four  iterations. 
When  the  value  of  c  obtained  by  this  procedure  was 
substituted  back  into  eq  (28)  to  calculate  attenuation, 
ArjX  was  found  to  be  an  oscillatory  function  of  frequency 
for  a  linear  viscoelastic  material,  namely,  an  epoxy.  Now, 
it  is  well  known  that  for  such  a  material  *aX  is  a  constant. 
The  oscillating  nature  of  *,X  could,  however,  be  readily 
explained  as  follows.  A  detailed  numerical  examination  of 
eq  (28)  revealed  that  the  calculation  of  *aX  is  very  sensitive 
to  small  variation  in  the  phase  velocity  c.  The  oscillations 
were  due  to  the  fact  that  the  measured  velocity  was 
different  from  the  true  velocity.  This  problem  could  be 
resolved  in  the  following  manner.  If  one  takes  the  absolute 
value  of  both  sides,  eq  (25)  can  be  rewritten  as  follows. 


cos 


4xA/ 

c 


,  1  ■  F*(a>) 

2  1  R„  ’  !G*(«) 


2  +  Rl,e^ 


(29) 


where  q  =  2A  *,X/c.  The  terms  in  eq  (29)  have  been 
separated  judiciously  as  follows.  The  left-hand  side  (LHS) 
is  a  function  of  wave  speed  only  while  the  right-hand  side 
(RHS)  depends  on  both  the  wave  speed  and  the  attenua¬ 
tion.  The  RHS  is  a  sum  of  two  exponentials  and,  there¬ 
fore,  is  not  an  oscillatory  function  of  frequency/.  On  the 
other  hand,  the  LHS  is  the  sum  of  a  cosine  function  of 
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frequency  and  the  experimentally  determined  F*(u)/G*(u) 
which  was  found  to  be  oscillatory.  Now  if  the  correct 
value  of  c  is  not  used  in  eq  (29)  the  periods  of  the  two 
terms  do  not  match  and  the  oscillatory  parts  do  not  cancel 
each  other  as  they  would  for  the  correct  value  of  c.  With 
this  in  mind,  the  RHS  is  viewed  as  the  reference  curve 
and  a  numerical  search  is  made  around  the  value  of  c 
obtained  by  the  iterative  procedMre  described  earlier,  to 
minimize  the  root-sum-square  of  the  LHS.  This  fixes  c. 
Now  we  view  the  LHS  as  the  reference  curve  and  conduct 
a  numerical  search  over  a  range  of  kz\  so  as  to  minimize 
the  root-sum-square  between  the  LHS  and  the  RHS.  This 
fixes 

rinally,  it  is  noted  that  the  theoretical  procedures 
developed  in  this  section  are  equally  valid  for  both  the 
longitudinal  as  well  as  the  shear  disturbances. 

Experimental  Procedures 

Measurement  Procedures 

A  schematic  of  the  apparatus  is  shown  in  Fig.  4.  The 
heart  of  the  system  is  a  pair  of  accurately  matched, 
broadband,  water-immersion  piezoelectric  transducers.  An 
experiment  is  initiated  at  time  /  =  0  by  a  triggering  pulse 
produced  by  a  pulser/receiver;  the  pulse  is  used  to  trigger 
a  digitizing  oscilloscope;  simultaneously  the  pulser/ 
receiver  produces  a  short-duration  (about  100  ns)  large- 
amplitude  (about  200  V)  spike  which  is  applied  to  the 
transmitting  transducer.  In  the  reflection  mode  it  also  acts 
as  a  receiver.  The  received  signal  is  post-amplified  (to 
about  one  volt)  and  then  digitized  with  maximum  sampling 
rate  of  100  MHz  (or  10  nanoseconds  per  point).  To 
reduce  the  ubiquitous  random  errors,  each  measurement 
is  averaged  over  a  sample  size  of  64.  A  laboratory  com¬ 
puter  controls  all  operations  of  the  digital  oscilloscope 
through  an  IEEE  bus.  The  built-in  signal  processor  of  the 
oscilloscope  performs  FFT  on  the  acquired  signals  and  the 
relevant  parts  of  the  data  are  then  transferred  to  the 
computer  for  further  analysis. 

Calibration  Procedures 

Since  our  objective  in  this  research  is  to  estimate  damage 
in  composite  materials  from  a  measurement  of  the  ultra¬ 
sonic  parameters,  accuracy  is  of  prime  importance.  For 
example,  one  percent  error  in  estimating  the  phase  velocity 
may,  for  some  typical  laminates,  correspond  to  a  ten- 
percent  error  in  estimating  the  remaining  fatigue  life. 
Typically  each  measurement  was  repeated  about  ten 
times.  Based  on  one  standard  deviation  we  estimate  the 
errors  in  our  measurement  as  follows.  We  can  determine 
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Fig.  4— Block  diagram  of  tha 
experimental  setup 


velocity  in  monolithic  materials  to  a  precision  of  0.1  per¬ 
cent,  and  velocity  and  attenuation  in  heterogeneous 
materials  to  a  precision  of  0.2  percent  and  2  percent, 
respectively.  The  higher  scatter  in  the  composite  materials 
is  due  to  inherent  spatial  variation  in  the  material 
properties.  In  order  to  achieve  this  precision  the  measure¬ 
ment  system  was  subjected  to  systematic  calibration 
procedures.  These  are  described  next. 

Sampling  Interval 

The  analog  signal  from  the  transducer  is  digitized  at  a 
specified  sampling  interval  by  the  digitizing  oscilloscope. 
The  object  of  this  study  was  to  determine  an  upper  bound 
on  the  sampling  interval  below  which  the  harmonic  distor¬ 
tion  was  considered  acceptable.  We  quote  here  the  limits 
on  the  sampling  interval  as  specified  by  the  sampling 
theorem.  “If  the  sampling  interval  T  is  chosen  equal  to 
Vi  fc,  where  fc  is  the  highest  frequency  component  of  the 
signal,  aliasing  will  not  occur.  Aliasing  is  defined  as 
“the  distortion  of  the  desired  Fourier  transform  of  a 
sampled  function”.’  An  experimental  verification  of  this 
statement  is  given  here.  Figures  5  and  6  show  the  amplitude 
and  phase  response  of  a  10-MHz  transducer  at  sampling 
intervals  of  10  nS  (100  MHz),  20  nS  (SO  MHz),  40  nS 
(25  MHz),  and  100  ns  (10  MHz).  The  highest  frequency 
content  of  this  signal  is  about  10  MHz  and  so  the  sampling 
interval  of  SO  nS  would  be  acceptable  from  the  viewpoint 
of  aliasing.  It  is  obvious  from  Fig.  S  that  at  10-nS  or  20- 
nS  sampling  intervals,  the  frequency  content  of  the  signal 
is  essentially  the  same.  However  at  40-nS  sampling  inter¬ 
vals,  significant  distortion  of  the  amplitude  is  observed; 
but  the  phase  remains  relatively  unaffected.  At  100  nS, 
both  the  amplitude  and  the  phase  plots  are  completely 
distorted.  This  would  come  as  no  surprise  for  here  we  are 
sampling  only  one  point  per  cycle.  In  this  work  we  have 
used  either  a  10-nS  or  20-nS  sampling  interval. 

Frequency  Resolution 

It  is  seen  from  eqs  (IS)  and  (18)  that  wave  speed  can  be 
calculated  if  the  slope  ($//)  of  the  phase  versus  fre¬ 
quency  curve  can  be  obtained.  The  FFT  algorithm 
provides  the  real  and  imaginary  components  of  the  trans¬ 
formed  signals  and  from  these  the  phase  is  calculated.  The 
computer  can  provide  the  phase  angle  in  the  range  of 
-  *72  to  +  *72  from  which  the  angle  in  the  range  of  2ir 
can  be  deduced  very  easily,  depending  on  the  quadrant  in 
which  the  phaser  lies.  Hence  we  obtain  a  sawtooth-type 
phase  versus  frequency  plot.  It  was  observed  that  for  the 
signal  under  consideration,  phase  increases  monotonically 
with  the  frequency.  Thus  the  sawtooth  plot  has  to  be 
converted  to  a  continuous  phase  versus  frequency  curve 
before  its  slope  can  be  obtained  to  calculate  the  wave 
speed.  The  computer  algorithm  developed  tracks  the 
rotation  of  the  phase  vector  and  It  radians  arc  added  to 
the  phase  each  time  the  vector  completes  a  cycle. 

Let  the  sampling  interval  be  T  and  the  total  number  of 
sampled  points  be  N.  The  total  length  of  the  signal  is 
To  =  (A  -  1)  T.  Let  the  frequency  resolution  be  Af,  then 
A /  =*  1  /  r.  *  I /(N  -  1)  T.  The  consideration  of  aliasing 
fixes  T.  Hence  N  is  the  only  parameter  that  can  be  adjusted 
to  obtain  the  desired  frequency  resolution.  For  example, 
if  the  desired  Af  =  0.05  MHz/point,  T  is  10  nS,  then 
N  «  2000  or  2048.  The  length  of  a  signal  can  be  readily 
increased  simply  by  adding  zeros  at  the  end  of  the  signal. 
Of  course,  this  is  accompanied  by  an  increased  computa¬ 
tion  time. 
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Transducer  Response 

Consider  a  10-MHz  transducer  in  direct  contact  with  an 
aluminum  plate.  An  FFT  of  the  back-wall  reflection  was 
obtained  using  the  procedures  outlined  in  the  section 
‘Measurement  Procedures*  above.  The  results  are  presented 
in  Fig.  7  in  the  form  of  magnitude  and  phase  of  the 
complex-valued  Fourier  transform.  Experience  indicated 
that  satisfactory  measurements  can  be  made  over  a  fre¬ 
quency  range  (or  bandwidth)  of  $  MHz  to  1 1  MHz  given 
by  about  25  percent  of  the  peak  amplitude  response  as 
shown  in  the  figure.  It  was  observed  that  the  phase  versus 
frequency  curve  over  this  range  is  a  straight  line;  outside 
this  range  it  becomes  nonlinear. 

Results  and  Discussions 

Wave  Propagation  in  Nondispersive  Media 

The  main  objective  of  this  work  is  to  develop  tech¬ 
niques  suitable  for  very  thin  specimens.  Therefore  we 
subjected  our  techniques  to  the  following  critical  test.  A 
thick  aluminum  plate  (2.807  ±0.0025  mm)  was  first 
tested  using  the  conventional  tone-burst  method.  Then  the 
thickness  was  gradually  machined  down  to  0.258  mm 
(about  10  mil,  a  very  thin  foil)  in  five  steps.  In  non- 
dimensional  terms  the  thickness  was  reduced  from  about 
4.4  to  0.4  wavelengths;  a  frequency  of  10  MHz  was  used. 
At  each  step  c  was  measured.  We  could  have  used  five 
different  samples.  Instead  we  adopted  the  foregoing 
procedure  in  order  to  ensure  that  we  are  always  testing 
exactly  the  same  material.  The  density  was  measured  by 
the  Archimedes  principle.  Our  estimate  of  the  error  in 
density  is  ±0.015  percent.  The  results  are  presented  in 
Table  1.  The  first  measurement  was  made  using  the 
conventional  tone-burst  method."  The  time-domain  signal 


Fig.  5— Amplitude  response  of  a 
10-MHz  transducer  at  different 
digitizing  intervals 


Fig.  8— Phase  response  of  a  10- 
MHz  transducer  at  different 
digitizing  intervals 


is  shown  in  Fig.  8(a).  A  particular  peak  (say  the  fourth 
peak)  near  the  center  of  the  tone  burst  is  selected  as  the 
reference  peak.  The  twice  transit  time,  2A/c,  could  be 
measured  to  an  accuracy  of  1  nS.  Our  estimate  of  error  in 
the  phase  velocity  is  0.2  percent.  See  Ref.  10  for  a  detailed 
error  analysis.  In  the  second  measurement  the  tone  burst 
was  reduced  to  about  one  cycle;  see  Fig.  8(b).  Note  that 
the  pulses  can  be  clearly  separated.  The  second/ first 
method,  eq  (15),  was  used  to  analyze  these  data.  Since 
only  the  first  two  pulses  are  needed  for  data  analysis,  the 
remaining  pulses  are  electronically  gated  out  or  nulled. 
In  the  third  measurement,  the  data  analyzed  remain  the 
same,  i.e..  Fig.  8(b).  However,  the  all/first  method,  eq 
(27),  is  used.  In  other  words,  g(r)  is  now  viewed  as  the 
sum  of  all  transmissions.  For  the  remaining  measurements 
the  specimen  was  gradually  machined  down.  The  all/first 
method  was  used  to  analyze  the  data.  The  pulses  for 
A  =  1.686  mm  are  shown  in  Fig.  8(c).  Note  that  the 
conventional  tone-burst  method  can  no  longer  be  used. 
Though  both  methods  developed  in  this  work  can  be 
used,  we  used  the  all/first  method.  The  pulse  for  the  next 
three  thicknesses,  A  =  1.001,  0.613  and  0.258  mm  are 
shown  in  Figs.  8(d),  8(e),  8(0,  respectively.  Because  of  the 
reduced  thickness  the  pulses  cannot  be  separated  in  the 
time  domain.  Therefore,  even  the  second/first  method 
cannot  be  used;  here  we  have  to  use  the  all/first  method. 
For  the  thinnest  specimen  the  round  trip  time  is  only 


Fig.  7— Useful  frequency  range 
of  a  10-MHz  transducer 


Fig.  8— 10-MHz  signal  through  aluminum 
plates  of  different  thickness,  (a)  is  for  tone 
burst.  Others  ere  for  a  single  pulse  of  signal. 
Plate  thickness  given  on  each  signet 
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82  nS;  the  puke  duration  is  roughly  200  nS.  This  gives  rise 
to  what  appears  to  be  ‘ringing’  in  Fig.  8(f). 

With  reference  to  Table  1,  the  average  of  all  the 
measurements  k  6.342  mm/ps  ±0.25  percent.  We  con¬ 
clude  that  the  all/first  method  developed  for  ultra-thin 
(subwavelength)  specimens  and  the  second/ first  method 
for  moderately  thin  (about  one  wavelength)  specimens 
yield  results  which  agree  to  0.25  percent  with  the  con¬ 
ventional  tone-burst  method.  (We  hesitate  to  make 
absolute  claims  on  accuracy  because  for  the  given  piece  of 
aluminum  we  do  not  know  the  true  value  of  the  phase 
velocity.) 

The  ideal  method  for  ‘calibrating’  a  new  experimental 
technique  k  to  use  it  to  measure  a  quantity  which  is 
known  with  a  ten  times  better  accuracy.  Unfortunately, 
the  National  Bureau  of  Standards  has  not  yet  developed  a 
standard  for  acoustic  velocity  (or  elastic  modulii).  Our 
laboratory  did,  however,  participate  in  a  six-laboratory 
ASTM  round-robin  conducted  by  Alan  Wolfenden" 
(Department  of  Mechanical  Engineering,  Texas  A&M 
University,  College  Station,  TX  77843).  This  allowed  us 
an  opportunity  to  compare  our  error  estimates  with  those 
of  the  others.  The  material  tested  were  two  nickel-based 
alloys;  see  Table  2  for  a  material  and  geometric  descrip¬ 
tion.  Since  these  specimens  are  very,  very  ‘thick’  (several 
wavelengths),  the  second/first  method,  eq  (15),  was  used. 
Furthermore,  shear  velocity  was  also  measured.  Here  a 
shear  (or  Y  cut)  transducer  was  directly  cemented  onto  the 


TABLE  1-TEST  RESULTS  ON  ALUMINUM  SAMPLE 


Material:  Aluminum 

Wave  Type:  Longitudinal 
Mode:  Transmission 

Frequency:  10  MHz 
Density:  2.8177  ±  0.0004  g/ml 


h 

mm 

hl\ 

c 

mm/pS 

5/c 

percent 

Technique 

Reference 

Figure 

2.807 

4.4 

6.3572 

Toneburst 

8a 

2.807 

4.4 

6.3239 

0.013 

Second/First 

8b 

2.807 

4.4 

8.3275 

0.010 

All/ First 

8b 

1.686 

2.7 

6.3461 

0.040 

All/ First 

8c 

1.001 

1.6 

6.3538 

0.030 

All /First 

8d 

0.613 

0.96 

6.3594 

0.130 

All /First 

8e 

0.258 

0.4 

8.3231 

0.140 

All /First 

8f 

metal  specimen  using  a  shear  couplant.  Ignoring  the  ‘main 
bang’,  the  remaining  reflected  signal  was  collected.  From 
the  measurements  of  the  longitudinal  and  shear  velocity, 
Ci  and  Cl  and  density,  p,  the  elastic  constants  E  and  v 
can  be  readily  calculated.  The  results  of  the  round-robin 
test  are  presented  in  Table  3.  Reasonably  good  agreement 
(within  2.5  percent)  is  observed  between  the  results  ob¬ 
tained  in  different  laboratories  using  different  techniques. 

Next,  we  have  tested  our  experimental  method  on  a 
medium  which  is  nondispersive  but  attenuative.  An  epoxy 
(EPON  828Z)  was  selected  for  this  purpose.  The  results 
are  presented  in  Table  4.  Note  that  three  frequencies, 
spanning  nearly  a  decade,  were  used.  The  phase  velocity 
measured  by  the  tone-burst  method  on  a  thick  specimen 
is  2.915  mm/  ys  and  agrees  very  well  with  that  measured 
with  the  all/first  technique. 

Wave  Propagation  in  Dispersive  Media 

Finally,  we  tested  our  experimental  procedures  on  a 
material  which  is  simultaneously  highly  dispersive  as  well 
as  highly  attenuative.  Towards  this  end  we  tested  a  ran¬ 
dom-particulate  composite  consisting  of  lead  spheres  in  an 
epoxy  matrix.  These  composites  have  been  described  in 
Refs.  12  and  13.  Transducers  with  0.25-MHz  center  fre¬ 
quency  were  employed.  The  second/first  method  in 
through-transmission  mode,  eq  (16),  was  used. 

Kinra'1  has  shown  that  wave  propagation  in  these 
composites  occurs  along  two  separate  branches:  (1)  the 
low-frequency,  slower,  acoustical  branch  along  which  the 
particle  motion  is  essentially  in  phase  with  the  excitation, 
and  (2)  the  high-frequency,  faster,  optical  branch  along 
which  the  particle  motion  is  essentially  out  of  phase  with 
the  excitation.  The  two  are  separated  by  a  cutoff  fre¬ 
quency  which  corresponds  to  the  excitation  of  the  rigid- 
body-translational  resonance  of  the  heavy  inclusions.  This 
occurs  when  k,a  =  0(1),  where  a  is  the  inclusion  radius. 
Around  the  cut-off  frequency  both  the  phase  velocity  and 
the  attenuation  change  dramatically  with  frequency.  This 
is  what  makes  this  composite  such  an  interesting  material 
to  study  using  our  technique  which  was  developed 
especially  for  dispersive  media. 

The  results  for  a  dispersive  material  are  presented  now. 
In  Fig.  9  F*(  w)  is  the  received  signal  with  the  specimen 
removed  while  G*(w)  is  the  signal  with  the  specimen  in 
place;  c  is  the  volume  fraction  of  inclusions.  The  dip  in 
the  amplitude  of  G*(u)  corresponds  to  the  cut-off  fre- 


TABLE  2-RESULTS  OF  ASTM  ROUND-ROBIN  TESTS  OF  Ni-BASED  ALLOYS 


Sampto  1:  Inconel  Alloy  800 

Composition:  Nl  37.48,  C  0.01,  Co  14.38,  Nb  4.71,  Ti  1.46,  Fe  41.98 

Teat  Frequency:  5.0  MHz 

Mode:  Reflection 

Sampto  2:  incotoy  Alloy  907 

Composition:  Nl  74.91,  Cr  15.48,  C  0.08,  Fe  9.53 

h  Q  Ci  Cj  £ 


Sampto 

mm 

g/ml 

mm/ps 

mm/ps 

GN/m1 

V 

12* 

8283 

6271 

5.872 

3.181 

216.9  ±  0.14  percent 

0.2980  ±0.20  percent 

1.4 

8268 

8.373 

5.877 

3.183 

218.6  ±0.15  percent 

0.2980  ±0.20  percent 

2.1 

18.648 

8287 

5273 

2.7308 

183.0  ±  026  percent 

0.3153  0.18  percent 

*7fto  dpff  ff  or «  mftoa  to  Wt  aitoy  wfMS  fha  asoorw  «gfr  ff  *41 M  merefy  to  MMfify  dWtorMf  pAyafesi  apeeanem. 


quency.  The  present  measurement,/,  =  0.21  MHz,  agrees 
quite  well  with  the  earlier  measurement11  using  the  con¬ 
ventional  tone-burst  method.  We  now  introduce  a  nor¬ 
malized  frequency  0  ■  k,a  =  2  tfa/c,  and  a  normalized 
wave  number  f  =<*,>«  =  2»/«/<c,  >  where 
<  >  refers  to  an  aggregate  property  of  the  composite 
(an  ensemble  average).  Figure  10  shows  the  frequency 
versus  wave  number  plot.  As  expected,11  along  the 
acoustical  branch  at  low  frequencies  the  behavior  is  non- 
dispersive;  a  straight  line  fitted  through  the  data  points 
passes  through  the  origin  ( <  c,  >  /c,  =  0 /{)•  The  same 
was  noted  at  high  frequencies  along  the  optica)  branch. 
These  two  observations  serve  as  critical  checks  on  the 
accuracy  of  our  measurement.  The  normalized  phase 
velocity  is  given  by  the  slope  of  the  secant,  <  c,  >  /c,  = 
Q/f,  and  the  group  velocity  is  given  by  the  slope  of  the 
tangent,  <c,>/c,  =  dQ/d(.  The  discrete  tone-burst 
data  from  the  earlier  work11'14  are  also  plotted;  the  agree¬ 
ment  is  considered  quite  satisfactory.  The  present  tech¬ 
nique  is  tremendously  faster.  The  entire  dispersion  and 


TABLE  3— COMPARISON  OF  ASTM  ROUND  ROBIN 
TESTS  FOR  THE  YOUNG’S  MODULUS,  E 


Lab/Sample 

1.1 

1.2 

1.3 

1.4 

2.1 

2.2  2.3 

1 

218.0 

218.0 

218.1 

216.9 

218.5 

— 

161.5 

159.9  157.2 

2 

210.5 

209.2 

— 

— 

164.1 

—  155.7 

3 

218.8 

216.0 

217.5 

217.0 

216.2 

217.3 

— 

162.0 

161.8 

160.8 

-  158.4 

4 

212.0 

— 

205.0 

— 

156.0 

-  172.0 

5 

215.8 

— 

214.2 

— 

156.0 

-  162.0 

6  (this  work] 

— 

216.9 

— 

216.6 

183.0 

—  — 

7 

203.0 

— 

210.3 

— 

156.8 

-  155.8 

158.0 

Units  for  above  values:  GN/m1 
Techniques: 

Lab.  1, 2, 7  Free-Free  Beam 

Lab.  3  Impulse  Fourier 

Lab.  4  Pulse-Echo-Overlap  Ultrasonic 

Lab.  5  Piezoelectric  Ultrasonic  Oscillation  (PUCOT) 

Lab.  6  This  work 


TABLE  4-TEST  RESULTS  ON  EPON  828-Z  EPOXY 


Material:  Epoo  828-Z  epoxy 

Wave  Type:  Longitudinal 
Mode:  Transmission 

Specimen  thickness:  1.889  mm  ±  0.0025 
Specimen  density:  1.2089  ±  0.0004  g/ml 


Teat  Wave 

Frequency  Speed  a  w  Technique 

MHz  mm/ps  percent  percent 


1.0 

2.874 

0.1 

0.1340 

1.4 

All/First 

5.0 

2064 

0.14 

0.0924 

1.5 

All /First 

10.0 

2.915 

006 

0.0975 

1.0 

All /First 

10.0 

2.915 

004 

0.0979 

2.2 

Tone  Burst 

attenuation  curve  is  produced  in  a  single  experiment. 
Another  major  advantage  of  this  method  is  as  follows. 
When  one  uses  the  tone-burst  method,  each  point  suffers 
a  scatter  due  to  random  errors;  see  Fig.  10.  In  the  present 
method  the  whole  curve  may  shift  up  or  down  but  the 
shape  of  the  curve  will  not  be  altered  by  the  random 
errors.  Here  we  are  mainly  interested  in  the  shape  of  the 
dispersion  curve.  Figure  11  shows  the  normalized  phase 
velocity  versus  frequency.  The  arrow  labeled  HASHIN  is 
the  velocity  calculated  from  the  lower  (appropriate)  static 
bound  due  to  Hashin  and  Shtokman.1’  The  agreement 
between  the  theory  and  the  low-frequency  results  is 
considered  quite  satisfactory.  As  O  increases  the  effective 
inertia  of  the  lead  spheres  ( -  pc*1)  increases  and  the 
phase  velocity  decreases.  At  very  high  frequencies  (it  is 
conjectured)  the  inertia  becomes  so  large  than  the  spheres 
become  essentially  motionless.  Thus  they  no  longer  con¬ 
tribute  to  the  inertia  of  the  composite  as  perceived  by  the 
effective  wave.  Hence  the  velocity  increases  dramatically 
across  the  cut-off  frequency  and  becomes  frequency- 
independent  at  very  high  frequencies.  Figure  1 1(b)  shows 
the  group  velocity,  i.e.,  the  speed  with  which  energy 
flows  in  a  composite.  As  expected,  the  group  velocity  is 


.1  .15  .2  .25  .3  .35  .4 


FREQUENCY,  f  (MHz) 

Fig.  9— Magnitude  of  F*(«)  (FFT  of  signal 
through  polystyrene  delay  rod)  and  <3  *  (to) 
(FFT  of  signal  through  polystyrene  and  lead/ 
epoxy  specimen).  Note  the  dip  in  amplitude  at 
the  cut-off  frequency,  fc 


WAVENUMBER;  | 

Fig.  10— Frequency  0  -  ft, a,  and  wave  number 
f  ■  <*,  >  a,  curve  for  a  dispersive  lead/epoxy 
specimen.  Circled  points  are  dels  from  Rif.  12-14 
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essentially  constant  at  low  and  high  frequencies.  Around 
the  cut-off  frequency,  Qc,  it  undergoes  large  fluctuations. 
Theoretically,  c,  —  oo  at  two  points  around  the  cut-off 
frequency.  Perhaps  the  most  interesting  feature  is  that  the 
group  velocity  becomes  negative  around  Dc,  i.e.,  as  the 
wave  propagates  in  the  positive  x  direction,  the  energy 
flows  in  the  negative  x  direction.  In  Fig.  10  this  corre¬ 
sponds  to  those  points  on  the  curve  where  the  slope  is 
negative. 

In  Fig.  12  we  have  plotted  attenuation  versus  frequency. 
The  peak  in  the  curve  defines  the  cut-off  frequency.  For 
comparison  k»X  for  the  neat  epoxy  alone  is  0.13  which  is 
negligibly  small  compared  to  the  peak  attenuation.  Thus 
all  of  kt\  may  be  attributed  to  the  scattering  effects. 

QNDE  of  Damage  in  Composite  Materials 

We  now  demonstrate  the  application  of  our  technique 
to  fiber-reinforced  composite  materials.  Graphite/epoxy 
AS4/3502  cross-ply  [0./90,/03],  laminates  were  tested. 
These  were  subjected  to  monotonic  tensile  loading.  As  a 
result  transverse  cracks  develop.  Edge  replication  was 
made  to  obtain  a  record  of  the  transverse  cracks.  The 
loading  was  interrupted  at  several  points  along  the  load 
axis,  the  coupon  was  subjected  to  an  ultrasonic  examina¬ 
tion  and  the  loading  was  resumed.  The  second/first 
method  in  the  reflection  mode,  eq  (15),  Was  used.  In  Fig. 
13  we  have  also  shown  the  portion  of  the  edge  replication 


FREQUENCY,  CL 

Fig.  11(a)— Normalized  phase  velocity  and 
frequency  curve  for  the  dispersive  lead/epoxy 
specimen 


FMOUOCY,A 

Fig.  11(b)  Normalized  group  vetoefty  and 

fMMMVoiMitar  i— d/iBttw  MMCfman 
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which  is  illuminated  by  the  ultrasonic  beam.  The  number 
of  cracks  seen  by  the  beam  is  also  listed.  Note  that  we 
have  not  plotted  the  attenuation  k,X  but  rather  the 
changes  in  k,\  caused  by  this  damage.  To  guard  against 
fortuitous  results  three  different  frequencies  were  used, 
namely,  2.25,  5.00  and  7.50  MHz.  We  note  that  attenua¬ 
tion  changes  quite  significantly  and  monotonically  with 
the  number  of  transverse  cracks.  We  also  note  that  in  the 
range  of  frequency  tested,  the  attenuation  decreases  with 
frequency.  This  may  be  attributed  to  the  fact  that  these 
experiments  were  conducted  at  k,a  =  1.23,  2.70  and 
4.02,  where  a  is  the  half  crack  length,  at  2.2S,  5.00  and 
7.50  MHz,  respectively.  Figure  14  shows  the  longitudinal 
phase  velocity  at  the  same  three  frequencies.  Within  the 
errors  of  measurement,  ±0.2  percent,  the  phase  velocity 
remains  constant  with  damage.  This  is  not  at  all  surprising 
in  view  of  the  fact  that  here  the  wave  vector  (or  the 
particle  displacement  vector)  is  parallel  to  the  crack  face, 
i.e.,  the  crack-wave  interaction  is  very  weak.  Thus  we 


FREQUENCY,  CL 

Fig.  12— Normalized  attenuation  and  frequency 
curve.  Note  a  very  high  attenuation  (large  energy 
absorption)  due  to  dispersion  at  the  cut-off 
frequency,  Qc 


Fig.  13— Attenuation  increases 
dramatically  with  transverse  cracks  M 
Gr/Ep,  [0i9Q.0kl.  laminate  at  aH  three 
frequenciee  teeted.  Extent  of  damage  is 
shown  In  the  edge-replication  sketches 


conclude  that  for  the  present  case  while  the  attenuation  is 
sensitive  to  the  presence  of  transverse  cracks,  velocity  is 
not.  We  have  presented  here  just  one  example  of  the 
application  of  the  new  technique  to  ultrasonic  NDE  of 
fiber-reinforced  composites.  A  detailed  investigation  of 
the  problem  has  been  carried  out  and  the  interested 
reader  is  referred  to  a  follow-up  paper.'* 

Conclusions 

We  have  described  a  new  experimental  technique  which 
can  be  used  to  measure  phase  velocity  and  attenuation  of 
ultrasonic  waves  in  very  thin  plates  (down  to  a  thickness 
which  is  three  orders  of  magnitude  smaller  than  the  wave¬ 
length).  We  emphasize  that  in  the  development  of  this 
technique  we  have  taken  a  ‘black-box’  approach,  i.e.,  it 
would  work  for  any  material  so  long  as  it  behaves  in  a 
linear-viscoelastic  material  and  the  attenuation  is  not  large. 
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Appendix 

Consider  one-dimensional  monochromatic,  time- 
harmonic  wave  propagation  along  a  rod  made  up  of  a 
linear-viscoelastic  material,  At  any  frequency  u> 

the  complex-valued  wave  number  is  k(<a)  =  k,(o>)  +  ik,(w). 
If  attenuation  is  small  the  phase  velocity  c  =  w/k,;  k,  is 
the  attenuation,  i.e.,  the  amplitude  of  the  wave  decays  as 
e'*2\  Now  suppose  a  pulse  is  propagating  down  this  rod 
and  is  given  at  x  =  0  by  /(/).  Let 


^*(“)  =  f(‘)  e‘m  dt  (Al) 

Then 

/(/)=— 1  F*(oo)  e^'dut  (A2) 
V2  x  ~  00 

For  the  sake  of  this  discussion  /(/)  may  be  viewed  as  an 
infinite  sum  of  ‘wavelets’  of  the  type 

/(f)  =  (  )  «,"•»  (A3) 

VZt 

Consider  a  propagating  monochromatic  ‘wavelet’  of 
complex  amplitude,  e  In  eq  (A3), 

y/2r 

f{t)  may  be  viewed  as  an  infinite  sum  of  such  ‘wavelets’ 
at  x  =  0.  Furthermore,  at  some  arbitrary  x  the  ‘wavelets’ 
may  be  summed  up  to  yield 

«<»-  «-->•“ 

If  G*(w)  is  the  Fourier  transform  of  g(f),  then 
G*(w)  =  F*(  «)-'** 
or 

C*(“)  =  e"b 
F*(«) 

We  have  shown,  therefore,  that  eq  (12)  which  was 
originally  derived  for  a  perfectly  elastic  material  is  valid 
for  a  linear-viscoelastic  material  provided  the  attenuation 
is  small  (*,/*,< 0.1)  which  is  generally  the  case  with 
engineering  materials  and  certainly  is  the  case  for  all 
materials  tested  during  this  work. 
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ABSTRACT 

We  consider  the  propagation  of  Leaky  Lamb  waves  in  a  plate  consisting  of 
a  general  balanced  symmetric  composite  material.  The  problem  has  been 
examined  both  analytically  as  well  as  experimentally.  An  exact  solution  for 
the  dispersion  equation  was  obtained.  Numerical  results  for  complex-valued 
wavenumber  were  obtained  for  an  isotropic  material  (aluminum)  and  a  [0/90  ] 

3  s 

Graphite/Epoxy  laminate.  Excellent  agreement  for  the  isotropic  case  and  a 
satisfactory  agreement  for  the  anisotropic  case  between  the  theory  and 
experiment  was  observed. 


INTRODUCTION 


2 


Lamb  waves  are  waves  propagating  in  the  plane  of  a  plate  with  traction 

free  boundaries.  In  the  case  of  plane  Lamb  waves  the  particle  displacement 

is  in  two  directions:  ( 1 )  the  wave  propagation  direction,  and  (2)  the 

thickness  direction.  The  third  component  is  zero  because  the  plate  is 

considered  infinite  in  the  plane  of  the  plate.  The  governing  equations  for 

the  Lamb  waves  were  first  derived  by  Prof.  Horace  Lamb  in  1917  in  his  famous 

work1.  These  equations  were  quite  complicated  and  a  solution  could  be 

obtained  only  in  the  short  and  long  wavelength  limits.  The  first 

2  •  3 

comprehensive  solution  was  obtained  by  Mindlin  in  1950.  Later,  Viktorov  in 
his  book  dealt  with  the  solution  of  Lamb  waves  in  great  detail.  He  provided 

the  dispersion  curves  for  a  material  with  a  Poisson’s  ratio  of  0.34. 

4  3 

According  to  Krautkramer  et  al  and  Viktorov  the  dispersion  equations  for 

5  6 

Lamb  waves  in  a  plate  immersed  in  a  fluid  were  derived  by  Schoch  .  Merkulov 
has  shown  that  if  the  density  of  the  plate  is  large  compared  to  that  of  the 
immersion  fluid  then  the  inertia  effect  of  the  fluid  is  negligible.  He 
obtained  a  first  order  approximation  solution  for  the  complex  part  of  the 
wavenumber  i.e.  attenuation.  Plona  et  al7  have  shown  that  when  the  plate 
density  is  comparable  to  the  fluid  density,  as  in  the  case  of  plexiglas  in 
water  for  example,  then  the  inertial  effects  are  significant  and  cannot  be 
neglected. 

Most  of  the  work  on  Lamb  waves  has  been  motivated  by  the  ultrasonic  flaw 

detection  of  sheet  material.  Various  researchers  have  studied  the  Lamb 

waves  and  used  them  for  nondestructive  evaluation  (NDE)  of  homogeneous 
8  12 

plates.  ’  This  is  by  no  means  an  exhaustive  list  of  the  work  in  this 
field.  With  the  advent  of  composites  as  a  major  structural  material, 
especially  in  the  aerospace  industry,  the  attention  of  the  NDE  community  has 


3 


shifted  towards  the  composites  and  many  of  the  NDE  tools  available  for  the 

testing  of  isotropic  materials  have  been  applied  to  the  composites.  Quite 

naturally,  ultrasonics  has  also  been  used  for  the  NDE  of  composites  with 

varying  degrees  of  success.  The  major  difficulty  in  case  of  the  composites 

arises  from  the  fact  that  the  theoretical  analysis  of  wave  propagation  is 

considerably  more  difficult.  For  example,  in  an  isotropic  material  the  wave 

propagation  and  energy  propagation  directions  are  the  same,  in  an 

anisotropic  material  the  two  Eire,  in  general  quite  different. 

The  general  elastic  wave  problem  in  a  layered  composite  is  very  complex 

and  an  exact  solution  is  neither  possible  nor  needed.  Various  simplified 

theories  have  been  proposed  which  tend  to  make  the  calculation  of  dispersion 

relations  manageable.  The  simplest  ones  to  be  proposed  were  the  effective 
13  15 

modulus  theories.  ’  Here,  the  geometrically  weighted  average  of  the 

constituent  properties  are  used  as  the  average  material  constants.  Habegar 
15 

et  al  ,  have  replaced  the  composite  plate  with  an  equivalent  homogeneous 

anisotropic  plate  and  derived  the  Lamb  wave  displacement  relations  using  the 

effective  stiffness  matrix.  They  have  utilized  these  equations  for  the 

1 6 

measurement  of  the  nine  elastic  constants  of  paper. 

17-19 

Some  models  have  been  proposed  to  account  for  the  dynamic  effects 

of  the  propagating  wave  in  the  plates.  These  models  incorporate  the 

Influence  of  the  microstructure  and  anisotropy.  One  such  effective 

stiffness"  theory  was  proposed  by  Sun  et  al.  The  fiber  and  matrix 

displacements  are  expressed  as  linear  expansion  about  the  mid-planes  of  the 

layers.  The  continuity  relations  take  into  account  the  dynamic  interaction 

18 

of  the  layers.  Bedford  et  al  have  proposed  a  diffusing  continuum  theory 
where  the  constituents  are  modeled  as  superimposed  continua  which  undergo 
Individual  deformations.  These  deformations  are  then  coupled  together  in  a 


19 

dynamical  process.  The  theory  proposed  by  Chementi  and  Neyfeh  calculates 
the  effective  homogeneous  transverse  isotropic  elastic  behavior  of  a 
unidirectional  composite  in  the  long  wavelength  limit,  using  a  two-step 
procedure  based  on  alternating  layered  media.  These  results  were  then 
applied  to  a  fluid-loaded  anisotropic  plate  which  is  assumed  to  approximate 
the  unidirectional  fibrous  composite  laminate.  The  first  limitations  in  all 
these  theories  is  that  they  only  consider  ideal  unidirectional  composites 
with  waves  travelling  in  the  fiber  direction.  Practical  laminates,  however, 
are  cross-ply  and  angle-ply  laminates  and  the  effect  of  waves  in  these 
laminates  becomes  extremely  complicated.  The  second  limitation  is  that  these 
theories  have  not  considered  the  effect  of  fluid  immersion  and  hence 
attenuation  due  to  the  leakage  into  the  surrounding  medium  has  been 
neglected. 

1  5 

As  noted  earlier,  Habegar  calculated  the  dispersive  equations  for  a 
balanced  symmetrical  laminate  in  vaccum  (i.e.  traction  free  boundary 
conditions).  The  object  of  the  present  work  is  to  extend  his  analysis  to  the 
case  of  a  laminate  immersed  in  a  liquid.  The  equations  have  been  written  in 
a  form  so  that  they  can  be  used  in  conjunction  with  the  effective  stiffness 
matrix  generated  by  any  theory.  The  composite  plate  is  replaced  by  an 
equivalent  homogeneous  anisotropic  plate.  Closed  form  dispersion  equations 
are  derived  for  both  the  symmetric  and  antisymmetric  modes  of  Lamb  wave 
propagation;  an  exact  numerical  solution  is  given.  Due  to  particle 
displacement  normal  to  the  plate,  waves  are  also  set  up  in  the  surrounding 
fluid.  This  is  the  mechanism  by  which  energy  "leaks"  from  the  plate  into  the 
liquid;  hence  the  term  "Leaky  Lamb  Waves”.  At  the  risk  of  stating  the 
obvious,  the  wavenumber  is  complex;  the  imaginary  part  is  the  attenuation 
and  Is  a  measure  of  the  energy  leaked  into  the  liquid.  Stiffness  matrix 


calculated  from  the  "effective  modulus"  theory  has  been  used  for  the  results 
presented  here.  Theoretical  results  obtained  from  the  dispersion  equation 
have  been  experimentally  verified  by  tests  performed  on  steel  and  aluminum 
plates.  Excellent  comparison  between  the  theory  and  experiments  was 
obtained.  Finally,  the  theoretical  solution  for  a  composite  laminate  has 
been  verified  by  tests  performed  on  a  [0/903l  Graphite/Epoxy  composite 
plate. 

I.  THEORY 

The  development  of  the  dispersion  equations  has  traditionally  been 

approached  in  two  different  ways.  First,  as  developed  by  Lamb,  the  particle 

displacement  U  is  written  in  terms  of  a  scalar  and  a  vector  potential.  A 

plane  harmonic  wave  propagating  in  the  plane  of  the  plate  is  assumed,  which 

allows  the  potential  to  be  written  so  that  the  separation  of  variables 

technique  can  be  used.  The  solution  of  potential  equations  is  then  used  to 

satisfy  the  boundary  conditions  and  the  dispersion  equation,  linking 

wavespeed  and  frequency,  is  obtained.  The  second  approach,  namely,  the 

20 

method  of  partial  waves,  is  more  recent  and  is  followed  by  Achenbach. 
Harmonic  waves  can  travel  in  a  plate  by  reflecting  back  and  forth  between 
the  two  plane  surfaces.  These  waves  combine  in  such  a  manner  that  in  the 
steady  state  a  wave  which  consists  of  a  travelling  wave  in  the  plane  of 
plate  and  a  standing  wave  in  the  thickness  direction  is  obtained.  This 
approach  is  more  fundamental  in  that  it  directly  provides  the  wave  solution 
and  results  in  a  clearer  picture  of  the  nature  of  the  wave  propagation.  In 
the  following  the  second  approach  has  been  used.  Since  all  the  tests  are 
performed  under  water,  wave  propagation  in  a  plate  immersed  in  a  fluid  is 
considered  and  suitable  boundary  conditions  are  applied. 

A  liquid-borne  longitudinal  wave  incident  on  an  unbounded  plate  is  shown 


6 


in  Fig.  1.  Shown  also  are  the  mode-converted  longitudinal  and  shear  waves  in 
the  plate.  The  waves  in  the  liquid  along  with  the  waves  in  the  plate  must 
sustain  themselves  to  form  a  steady-state  wave  pattern  in  the  plate.  The 
conditions  of  the  continuity  of  the  displacements  and  equilibrium  of  forces 
at  the  plate-fluid  interface  have  to  be  satisfied.  The  coordinate  directions 
used  here  are  the  standard  ones  used  in  the  composites  literature: 
directions  1  and  2  in  the  plane  of  the  plate  while  3  normal  to  it. 

For  any  symmetrical  composite  laminate  the  stress  strain  relation  can 
be  written  as 
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(1) 


The  strain  displacement  relation  can  be  written  as 

for  i,j=l,2,3 
The  equation  of  motion  in  an  elastic  medium  is 
3 


c  =  (U  +U  )/2 
i  J  1  .  J  J  ,  l 


V  a-  =p() 
j=i  ,J'J  1 


i-1,2,3. 


(2) 


(3) 


A  plane  wave  travelling  in  an  arbitrary  direction,  x  ,  may  be  written  as 
0  =  Uq  exp[ i (k. x-ut ) ]  (4) 

where  U  is  the  displacement  vector,  Uq  its  amplitude  and  k  is  the 
wavenumber  vector. 

We  now  assume  a  plane  strain  condition  considering  an  infinite  plate. 
The  displacement  and  all  derivatives  with  respect  to  y  vanish. 


Substituting  Eqs. ( 1 ) , (2)  in  Eq.(3), 

pO  *C  U  +C  U  +C  (U  +U  ), 

K  1  11  1,1’  13  3,31  55  1,33  3,13 


(5) 
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pO  =C  U  +C  U  +C  (U  +U  .  ).  (6) 

3  33  3,33  13  1,13  55  1,13  3,11 

For  a  plane  wave  with  displacements  in  the  x  and  z  directions  only,  the 


displacement  components,  Ui  and  U^,  can  be  written  from  Eq.  (4),  as 
U  =U  exp[i(k  x+k  z-ut)], 

110  X  z 

and  U  =U  exp[i(k  x+k  z-wt)]. 

3  30  x  z 

where  U  and  U  are  the  wave  amplitudes 

10  30  y 

Substituting  Eqs. (5), (6)  in  Eqs.(7),{8) 
pU  w2=C  U  k2+(C  +C  )U  kk+C  U  k2, 

10  11  10  x  55  13  30  x  z  55  10  z 

and  pU  u2=C  U  k2+(C  +C  )U  kk+C  U  k2. 

30  55  30  x  55  13  10  X  z  33  30  z 


(7) 

(8) 


Let  us  define  R  as 

R=U  /U  =(pu2-C  k2-C  k2)/(C  +C  )k  k 

30  10  11  x  55  z  55  13  x  z 


(9) 

(10) 

(11) 


Eliminating  Ujo  and  U3o  from  Eqs. (9), (10)  we  get  a  quadratic  equation 


for  k  in  terms  of  k  and  the  elastic  constants  as 
z  x 

k2=k2{-B±(B  -4D) 1/2  }/2 

Z  X 


(12) 


where , 

B-[(C33/PHC11/pV/k=)-(C13/(,)(2C5s*C13)/(,-Cs5UV^]/{(C33Css)/p2} 


and, 


D=(w2/k2-C  /p)(w2/k2-C  /p)/((C  C  )/p2}. 

x  55  x  11  33  55 

Let  us  define  k  and  k  as  the  two  values  of  k  obtained  from  Eq. (12) 

zp  zm  z 

with  +  or  -  signs.  Also  R  and  R  be  the  value  of  R  when  k  and  k  , 

pm  zp  zm 

respectively,  are  substituted  in  Eq.  (11).  The  equations  derived  above  Eire 

for  bulk  waves  travelling  in  eui  unbounded  medium.  These  bulk  waves 

travelling  in  the  plate  add  up,  such  that,  subject  to  the  proper  boundary 

conditions,  the  plate  wave  solution  is  obtained.  The  two  possible  plate  wave 

displacements  have  the  following  forms 

U  =exp{i(k  x-ut)HMexp(ik  z)+Nexp(-ik  z)+Pexp(ik  z) 

1  x  zp  zp  zm 

+Qexp(-ik  z ) )  (13) 

zm 


U  =exp{i(k  x-wt)}[R  {Mexp(ik  z)-Nexp(-ik  z)}+ 

3  x  p  zp  zp 

+R  {Pexpdk  z)-Qexp(-ik  z)>j  (14) 

m  zat  z  m 

where  M,N,P,Q  are  arbitrary  constants. 

The  boundary  conditions  to  be  satisfied  for  a  plate  of  thickness  2d  are 

or  =C  U  +C  U  =-p  at  z=±d,  (15) 

33  33  3,3  13  1,1  * 


«r  =C  U  +C  U  =0  at  z=±d.  (16) 

31  SS  1 ,3  S5  3, 1 

That  is,  the  normal  stresses  in  the  plate  and  the  liquid  are  equal  and 
the  shear  stresses  on  the  plate  surface  are  zero  as  the  fluid  does  not 
sustain  shear.  In  addition,  the  continuity  of  diplacement  demands, 


U  =  W 
3  L 


at  z=±d 


where  is  the  displacement  in  the  liquid. 

Substituting  Eqs. ( 13) , ( 14)  in  Eqs. ( 15) , ( 16) ,  the  following  set  of 


equations  is  obtained, 

MGX  +NG/X+PGY  +QG/Y=  ip(z=d) 

p  p  m  m 

MG/X+NGX  +PG/Y+QGY  =  ip(z=-d) 

p  p  m  m 

MHX  -NH/X+PHY  -  Q  H  /y  =  0, 

p  p  m  m 

MH/X-NHX  +PH/Y-QHY  =0. 

p  p  m  m 

where  G  =C  k  +C  k  ;  H  =k  +k  R  ; 

p , m  33  zp,m  13  x  p,m  zp,m  x  p,m 


(18.1) 

(18.2) 


(18.3) 


(18.41 


and  X=exp(ik  d); 

zp 


Y=exp(ik  d). 

zm 


The  wave  motion  in  the  fluid  satisfies  the  equation 


a20  d2<p 

-~±-  *  — L-  +  k%  =0. 

ax2  az2  L  L 


where  is  the  wavenumber  and  cl  is  the  wavespeed  in  the  fluid. 

The  form  of  the  potential  4>L  in  the  fluid  to  satisfy  Eq.  (19)  is 

6  *  *  exp(i(k  x+k  z-wt)].  ( 

LO  x  z 

Substituting  Eq. (19)  in  Eq. (18)  it  can  be  readily  shown  that 


9 


The  potential  corresponds  to  a  wave  in  the  fluid  which  propagates 
along  the  plate  in  the  x-direction  and  decays  exponentially  along  the 
z-direction.  This  wave  in  the  fluid  has  to  be  compatible  with  the  Lamb  wave 
in  the  plate.  It  means  that  this  wave  must  pursue  a  path  along  the  x-axis 
with  a  velocity  equal  to  the  phase  velocity  of  the  Lamb  waves.  The 
displacement  in  the  fluid,  Wl,  can  be  calculated  from  the  potential  by 


8<t> 

W  =  -  -  L  =  ik  d>  exp[i(k  x+k  z-ut)l.  (21) 

L  az  z  o  x  z 

Applying  the  boundary  conditions  Eq. (17)  to  Eqs. ( 14) , (21 )  and  (18.2) 


we  get 

mM+nN+rP+sQ=ik  <f>  exp(ik  d) 

2  0  Z 

-nM-mN-sP-rQ=-ik  <t>  exp(-ik  d) 
z  0  z 

where  m,  n  =  ±R  exp(±ik  d)  and  r,s  =  ±R  exp(±ik  d). 
'  p  zp  m  zm 

From  Eqs  (18.3)  and  (18.4)  we  can  write 
aM-bN+cP-eQ=0. 
bM-aN+eP-cQ=0 . 

where  a, b  =  H  exp(±ik  d)  and  c,e  =  H  exp(±ik  d). 

p  2  p  m  zm 

From  Eqs. (24)  and  (25)  we  get 

N=[  (ae-bc)P+(be-ac)Q]/(a2+b2)=Nl.  P+N2.  Q 


(22) 

(23) 


(24) 

(25) 


(26) 


and, 

M=[  (be-ac)P+(ae-bc)Q]/(a2+b2)=N2.  P+Nl.  Q  (27) 

where  Nl=(ae-bc)/(a2+b2)  and  N2=(be-ac)/(a2-b2). 

Substituting  the  values  of  M  and  N  into  Eqs. (22)  and  (23)  we  can  write 

(g+1 ) (P+Q)=ik  <f>  [exp(ik  d)+exp(-ik  d)  ]  (28) 

*  o  *  z 

where  g=mN2+nNl+r  and  l=mNl+nN2+s. 

Similarly  substituting  the  values  of  M  and  N  into  Eqs. (18.1)  and  (18.2), 


P+Q=i(p(z=d)+p(z=-d)}/(Fl+F2) 


(29) 


where  F1«=N2.G  .X+N1.G  /X+G  .Y;  F2=N1.G  .X+N2.G  /X+G  /Y. 

P  P  ■  ppm 

Comparing  Eq. (28)  with  Eq. (29) 
p(z=d)+p(=-d) 


k  4>  (exp'ik  d)+exp(-ik  d)] 
z  o  z  z 


Tg+rr 


(30) 


F1+F2 

The  pressure  in  the  fluid  can  be  calculated  from  the  potential 
6  from  the  relation 

L 


p  =  A 


L  x 


g+l 


raL* 

_  1 

CM 

X 

N 

N 

CO 

I 

gives 

•  p(z=-d)  =  ~AlO 

tuting 

Eq. (32)  : 

i,  1/2 

2 

,1 

-A- 

Plu 

F1+F2 

2  ,  2, 


=  0. 


(31) 


(32) 


Simplification  of  F1+F2  and  g+h,  substitution  into  Eq. (33)  and  rearran¬ 
ging  the  equations  give,  for  the  symmetric  mode, 


tan(k  d)  G  .H 
zp  pm 


tan(k  d)  G  .  H 

zm  m  p 


ip  u  tan(k  d) 

L  zm 

p(G  /p)[k2-kf]1/2 

ra  XL 


r  »  i 

-  —  R  +  R  =  0. 
L  H  P  ">  J 


(34) 


Similarly,  we  can  show  that  for  the  antisymmetric  mode  the  governing 
equation  is 


tan(k  d)  G  .H  ip  w2cot(k  d)  r  H 

tan(k  d)  G  .H  p(G  /p)  [k2-k2]1/2l-  H  p  ra  •> 

zp  m  p  m  z  L  p 

It  is  quite  laborious,  but  not  difficult,  to  show  that  for  an  isotropic 
material  Eqs. (34)  and  (35)  reduce  to  the  equations  (11.43)  and  (11.44) 
obtained  by  Viktorov? 

The  first  two  terms  of  Eqs. (34)  and  (35)  represent  the  dispersion 
relations  for  composite  plate  in  vacuum.  The  third  or  the  complex  part  of 
the  equations  is  due  to  the  immersion  of  plate  in  a  liquid.  It  is  observed 
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that  almost  all  factors  in  the  equations  are  complex  and  the  required  root, 

k  ,  Is  also  complex.  These  complex  transcendental  equations  were  solved  by  a 

numerical  algorithm  which  is  described  next. 

II.  SOLUTION  METHODOLOGY  FOR  DISPERSION  EQUATIONS 

The  solutions  of  the  dispersion  equations  for  composite  plates  immersed 

in  a  fluid  are  obtained  by  the  following  two  step  procedure: 

1.  The  correct  value  of  k,  of  course  is  complex.  However,  as  a  point  of 

departure,  k  is  taken  to  be  real  and  the  dispersion  equation  for  a  plate  in 

air  is  used.  In  other  words,  the  imaginary  part  of  Eqs.  (34)  and  (35)  is 

ignored.  The  roots  for  the  remaining  equation  are  obtained  by  a  linear 

search  method.  The  search  is  conducted  in  small  steps  varying  either  the 

wavespeed  or  the  frequency  while  keeping  the  other  fixed.  Both  modes  of 

search  are  useful  depending  on  the  gradients  of  the  dispersion  curves  in  a 

particular  region.  The  roots  are  then  calculated  precisely  by  the  bisection 
22 

technique. 

2.  In  the  second  step  a  search  is  made  for  the  complex  roots  of  k,  i.e. 

for 

k  =  k  +ik  (36) 

1  2 

Substituting  in  the  complete  dispersion  equation  (34)  or  (35)  for  an 
immersed  plate,  we  can  write  these  equations  in  the  form 

Re(kifk2J  +  i  Imtkj.k^  =  0,  (37) 

where  Re  and  Im  are  the  real  and  imaginary  parts  of  the  dispersion 
equation.  Now  for  a  solution  to  exist  both  the  real  and  imaginary  parts  must 
be  simultaneously  zero,  i.e. 

ReCk^kjJ  =  0.  (38) 

and 


Imlk  ,k  ]  =  0. 
1  2 


(39) 


T 
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Thus  we  have  two  transcendental  equations  with  two  unknowns  k  and  k  . 

12 

The  modified  Newton’s  (Secant)  method  is  used  to  arrive  at  the  roots  of 
these  equations.  The  initial  estimate  of  the  roots  is:  kj  as  obtained  from 
step  one  (k^  for  the  Lamb  wave  in  the  plate  in  air)  and  k2=0.  Now,  ^  is 
incremented  in  steps  of  0.1  and  kg  in  steps  of  0.01.  Since  the  Newton’s 
method  converges  quadrat ical ly,  the  roots  are  obtained  fairly  rapidly.  The 
nature  of  these  equations  is  quite  complicated  and  at  places  roots  are  close 
together.  It  is  difficult  to  study  the  uniqueness  and  convergence  of  all  the 
roots  for  such  a  complicated  equation.  Hence,  it  is  quite  possible  that 
depending  on  the  gradient  of  the  equations  and  roots  being  close  to  each 
another,  the  solution  may  converge  to  some  nearby  root.  To  guard  against 
this  occurrence,  we  drew  the  complete  dispersion  curve  diagram.  It  was  found 
that  in  general  the  convergence  was  unique  and  rapid.  Only  at  a  few  points 
the  solution  did  not  converge  and  some  times  it  would  converge  at  a  nearby 
root.  These  points  could  be  easily  identified  from  the  dispersion  diagrams 
by  using  the  following  criterion:  since  the  dispersion  curves  in  air  are 
smooth,  it  is  reasonable  to  expect  that  the  dispersion  curves  for  the  plate 
immersed  in  the  fluid  will  also  be  smooth. 

In  the  foregoing  the  effective  elastic  moduli  of  the  plate  were 
calculated  using  the  classical  laminate  theory.  Heuristically,  when  the 
wavelength  is  very  large  compared  to  the  plate  thickness,  one  would  expect 
our  calculations  to  be  a  fairly  accurate  representation  of  the  reality.  On 
the  other  extreme,  when  the  wavelength  is  short  compared  to  the  plate 
thickness  and,  more  importantly,  where  it  is  comparable  to  the  plate 
thickness,  clearly  the  theory  is  expected  to  break  down  for  now  the  wave 
begins  to  "see"  the  individual  plies.  A  question  of  practical  significance 


is:  Where  does  the  transition  occur?  A  systematic  examination  of  the  issue  is 
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beyond  the  scope  of  the  work.  However,  in  the  following  we  have  probed  this 
issue  to  a  limited  extent.  This  was  the  motivation  for  carrying  out  the 
experiments  described  next.  It  will  be  shown  that  the  elementary  "rule  of 
mixtures”  theory  gives  surprisingly  good  results  upto  ktd  =  3.5,  where  k^  is 
the  shear  wave  number. 

III.  EXPERIMENTAL  PROCEDURE 

Shown  in  Fig. 2  is  a  block  diagram  of  the  experimental  setup.  The  pulse 
generator  produces  a  trigger  signal  which  is  used  to  trigger  the  signal 
generator  and  also  set  the  initial  time  (t=0)  for  the  digitizing 
osci 1 loscope.  The  signal  generator  is  used  to  produce  a  tone  burst  which  is 

about  10-20  cycles  long.  This  wave  train  is  amplified  to  about  200  volts  and 

fed  into  the  transmitting  transducer  which  launches  a  longitudinal  wave  in 
water.  This  wave  is  mode  converted  into  a  leaky  Lamb  wave  in  the  specimen. 

These  Leaky  Lamb  waves  are  sensed  by  the  receiver  which  can  be  placed  on 

either  side  of  the  specimen,  see  Fig.  3.  Only  the  transmission  mode  (Fig. 

3a)  was  used  in  this  work.  The  signal  from  the  receiver  is  amplified  to 
about  1  volt  and  fed  into  a  digital  oscilloscope.  All  measurements  sire  made 
with  a  reference  peak  near  the  center  of  the  signal  where  it  appears  to  have 
a  steady-state.  Note  that  a  single  cycle  of  signal  will  not  be  able  to 
establish  a  good  Lamb  wave.  When  one  cycle  of  sine  wave  is  input  into  the 
transducer,  due  to  the  damping  characteristics  of  the  transducer,  certain 
transient  frequencies  are  produced.  Since  these  frequencies  do  not  correspond 
to  the  frequencies  required  to  sustain  Lamb  waves  in  the  plate,  good  Lamb 
waves  will  not  be  produced.  Hence  a  long  wave  train  is  used  which  establishes 
the  frequency  of  the  signal  and  the  effect  of  the  transients  can  be  ignored. 

The  transmitter  and  the  receiver  move  on  precision  travelling  mechanisms 
graduated  to  0.001  in.  The  specimen  is  mounted  on  a  turn  table  graduated  to 
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0.1  degrees.  When  the  specimen  is  rotated,  the  transducers  are  moved 
accordingly  so  that  the  same  length  of  the  specimen  is  always  interrogated. 
The  specimen  is  rotated  in  small  steps  and  the  peak  amplitude  and  location  a 
reference  peak  of  the  wave  train  is  recorded. 

The  specimen  is  fixed  at  the  angle  identified  as  the  Lamb  angle  for  the 
measurement  of  attenuation.  The  receiver  is  moved  by  0.5  inch  (12.7mm)  in 

steps  of  0.05  (1.27mm)  inch  and  the  received  signal  is  recorded.  A 

exponential  curve  is  fitted  through  this  amplitude  decay  and  the  attenuation 
coefficient  is  estimated  by  the  least-squares  fit.  The  composite  specimens 

tested  during  this  work  were  fabricated  using  Magnamite  AS4/3502 

graphite/epoxy  prepreg  tapes  manufactured  by  Hercules  Inc. 

IV.  RESULTS  AND  DISCUSSION 

The  accuracy  of  our  theory  was  checked  in  two  ways:(l)  against  previous 

theories,  and  (2)  against  our  own  experiments. 

The  dispersion  equations  for  a  steel  plate  in  water  were  solved  with 

2 

c  =c  =c  ;  c  =c  =c  and  c  =(E/p)  and  complex  wavenumber  was  calcula- 
11  22  33  12  13  23  11 

ted.  Figure  4(a)  shows  the  dispersion  curves  for  the  steel  plate.  The  solid 

lines  are  for  the  symmetric  mode  (s  ,s  ,s  ,...)  and  the  dashed  lines  are  for 

0  12 

0 

the  asymmetric  mode  (aQ, aj , . . . ) .  Merkulov  did  a  corresponding  analysis  for 
an  isotropic  material  but  his  solution  was  a  first  order  approximation.  Even 
then  he  was  able  to  get  good  results  because  his  assumption  of  p^/p  «  1  is 
valid  for  steel  plate  in  water  where  p^/p  -  0-  128.  Figure  4(b)  shows  the 
attenuation  for  the  first  two  modes.  The  approximate  solution  obtained  by 
Merkulov  is  also  shown  and  is  fairly  close  to  our  exact  solution.  In 
conclusion,  the  approxi-mate  analysis  of  Merkulov6  serves  to  check  our  exact 
solution. 

Next,  the  solution  of  the  dispersive  equations  for  an  aluminum  plate 
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are  presented  in  Fig.  5.  (We  note  in  passing  that  for  aluminum  p^/p  =  0.37 
which  is  not  negligible  in  comparison  to  one  and,  therefore,  Viktorov’s 
calculation  may  be  quite  inaccurate).  The  dispersion  curves  are  exactly  as 
obtained  by  Viktorov3  but  attenuation  curves  cannot  be  compared  as  no 
earlier  work  is  available.  Next,  we  describe  the  experimental  results 
obtained  with  an  aluminum  plate.  For  a  fixed  frequency,  k^d,  we  measure  the 
received  amplitude  as  a  function  of  the  angle  of  incidence.  The  results  are 
presented  for  three  different  values  of  kfcd  in  Fig.  6.  The  peaks  in  the 
received  signal  correspond  to  the  correct  angle  of  incidence  or  "Lamb  angle" 
which  is  governed  by  the  Snell’s  Law; 

Sin(e  )/Sin(0  )  -  c  /c  (40) 

1  r  w  L. 

where  0[  is  the  angle  of  incidence,  0  is  the  angle  of  refraction 

(=?r/2  for  Lamb  waves),  c  is  the  wavespeed  in  water  and  c  is  the  Lamb 

w  L 

wavespeed.  Thus, 

c  =  c  /sin(0  )  (41) 

L  w  1 

It  is  noted  that  in  Fig.  6(a)  at  ktd=1.0,  two  peaks  are  obtained. 
Converted  to  wavespeeds  with  Eq. (41)  the  values  are  shown  as  circled  dots  on 
the  dispersion  curves  in  Fig. 5(a).  The  same  comment  applies  to  peaks  in 
Fig.6(b)and  6(c).  The  attenuation  was  measured  as  described  earlier.  Measured 
values  of  the  attenuation  coefficient  for  an  aluminum  plate  are  shown  as 
circles  in  Fig.  5(b).  For  the  aQ  and  at  modes  the  agreement  between  theory  and 
experiments  is  excellent.  For  the  sq  mode  the  agreement  is  excellent  as  far  as 
the  lowest  ktd  (1.0)  but  becomes  poorer  as  kfcd  increases.  The  reason  for  this 
becomes  very  clear  when  Figs. 5(b)  and  6  are  examined  together:  The  attenuation 
of  the  sq  mode  increases  very  rapidly  with  k^d  a  2.0  (Fig. 5(b)).  This  results 
in  a  correspondingly  small  received  signal  for  sq  mode(Fig.  6)  and  a  poor 
signal  to  noise  ratio.  Hence,  a  larger  scatter  in  data  is  to  be  expected.  The 


importance  of  calculating  attenuation  curves  becomes  apparent:  whenever 
possible  the  tests  should  be  performed  at  low  attenuation  values  to  get 
accurate  results. 

Two  questions  arise  at  this  stage  regarding  these  measurements:  (1)  How 
do  we  ensure  that  the  angle  at  which  the  measurement  is  made  is  the  correct 
Lamb  angle?  and  (2)  Is  the  maximum  amplitude  criterion  sufficient  to  guarentee 
that  the  angle  is  a  Lamb  angle?  These  questions  are  addressed  here. 

The  angle  of  incidence  for  the  Lamb  waves  can  be  checked  by  a  very 
simple  method.  Shown  in  Fig.  7  is  the  schematic  of  the  signal  travelling 
through  the  specimen.  When  the  receiver  is  at  its  initial  location  the  total 
travel  time  is  given  by 

t  ■  1  /c  +1  /c+1  /c  (42) 

1  1  w  2  4  w 

As  the  receiver  is  moved  by  a  distance  x,  the  travel  time  becomes 

t  =1  /c  +1  /c  +1  /c  +1  /c  (43) 

flw2L3L5w 

The  difference  in  the  two  arrival  times  is 

At=  t  -t  =  1  /c  + ( 1  - 1  )/c  =  1  /c  -xTan(9)/c 
fi  3  L  4  5  w  3  L  w 

=x/[c  cos(e) ]-xtan(8)/c  (44) 

L  w 

When  Snell’s  law,  Eq. (40),  is  substituted  in  Eq.(44),  it  is  seen  that  At 
=  0.  This  means  that  at  the  correct  Lamb  angle  when  receiver  is  moved  by  any 
arbitrary  distance,  the  total  time  taken  by  the  wave  to  travel  from  the 
emitter  to  receiver  remains  unchanged  and  only  its  amplitude  is  reduced. 
Hence  in  a  single  experiment  the  attenuation  is  obtained  and  the  correctness 
of  the  Lamb  angle  is  verified.  The  precision  of  the  procedure  was  found  to 
be  0. 1  degrees. 


Next,  tests  were  performed  on  a  (0/90  ]  graphite/epoxy  composite.  The 

3  s 

dispersion  and  attenuation  curves  for  this  specimen  are  shown  in  Figs.  8(a) 
and  8(b),  respectively.  (The  derivation  of  elastic  constants  for  this  laminate 
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is  deferred  to  the  Appendix).  The  experimental  results  are  shown  as  discrete 
circles  in  Fig. 8.  The  comparison  between  the  theory  and  experiments  is 
considered  reasonable.  On  the  dispersion  curves  the  comparison  does  not  look 
very  good,  but  the  reason  for  this  discrepancy  is  as  follows.  The  stiffness 
coefficients  used  to  solve  the  dispersion  equations  are  for  an  ideal 
composite,  with  coefficients  obtained  by  the  rule  of  mixtures.  Since  the 
laminate  used  for  the  tests  was  fabricated  by  the  author,  it  is  expected  that 
the  properties  of  the  laminate  will  not  be  as  good  as  the  theory  suggests.  The 
statically  measured  stiffness  of  the  laminate  is  lower  and  the  corresponding 
wavespeed  is  shown  as  an  arrow  on  the  figure.  In  view  of  the  reduced  value  of 
c  the  entire  dispersion  curves  will  be  shifted  downwards  and  then  an 
excellent  agreement  between  theory  and  experiment  will  be  observed.  This  also 
means  that  all  the  elastic  constants  to  be  used  in  the  equations  should  be 
determined  experimentally.  Then  only  the  solution  of  the  dispersion  curves 
will  be  truly  representative  of  the  response  of  the  plate.  The  low  attenuation 
values  shown  in  Fig.  8(b)  could  be  measured  but  then  the  attenuation  rises 
very  rapidly  and  cannot  be  measured  at  higher  frequencies  due  to  the  reasons 
described  earlier. 

Finally,  in  this  paper  we  have  reported  theoretical  and  experimental 
procedures  for  investigating  Leaky  Lamb  Waves  in  composite  laminates.  The 
motivation  for  this  work  came  from  the  Ultrasonic  Nondestructive  Evaluation 
(UNDE).  As  a  composite  laminate  is  damaged  the  stiffness  decreases  and  the 
attenuation  increases.  Thus,  from  a  measurement  of  stiffness  and  attenuation 
one  can  deduce  the  extent  of  damage.  Measurement  of  these  quantities  in  the 
through-the-thickness  direction  is  a  relatively  straight  forward  matter  and 
was  the  subject  of  a  recent  investigation  by  the  present  authors  (Kinra  and 
Dayal).  However,  it  is  of  equal,  if  not  greater,  interest  to  measure  the 


in-plane  stiffness  and  attenuation.  We  have  measured  these  quantities  as  a 
function  of  damage  in  graphite/epoxy  laminates;  this  will  be  the  subject  of 
a  follow-up  paper  by  the  authors. 

V.  CONCLUSIONS 

We  have  considered  the  propagation  of  Leaky  Lamb  Waves  in  a  balanced 

symmetric  laminate  immersed  in  a  liquid.  An  exact  solution  for  the 

dispersion  equation  has  been  derived.  The  wavespeed  and  the  attenuation  were 

also  measured  experimentally  for  a  [0/90  ]  laminate.  The  agreement  between 

3  s 

the  theory  and  experiment  was  found  to  be  quite  good. 
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APPENDIX 

The  stiffness  of  an  orthotropic  lamina  is  fully  defined  by  the  following 
elastic  constants. 
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For  a  lamina  with  a  fiber  orientation  in  an  arbitrary  direction  this 
stiffness  tensor  has  to  be  written  in  the  rotated  coordinate  directions.  For 
a  fourth  order  tensor,  the  transformation  law  is 


T’  =  a  a  a  a  T 

1  J  k  1  pi  q  J  rk  si  pqrs 


(A2) 


where  is  the  direction  cosine  between  directions  i  and  j. 

Let  directions  1  and  2  be  in  the  plane  of  the  plate  and  a  rotation,  0, 
takes  place  about  axis  3.  Substituting  the  rotation  angle  in  the 
transformation  law  and  writing  the  stiffness  in  the  contracted  notation,  the 


following  non-zero  terms  are  obtained, 
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Only  the  above  terms  will  be  effective  when  the  stiffness  matrix  is 
2 1 

synthesised.  Hence  this  matrix  is  used  in  deriving  the  governing  equations 
for  the  Lamb  waves.  We  observe  from  the  main  body  of  derivations  of  the 
dispersion  equations  that  the  terms  left  after  simplifications  are  C  ,  C  , 
C  ,  and  C 

33  55 

Relating  the  stiffness  to  modulus  properties  and  the  lamina  being 
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transversely  isotropic,  with  Eg  =  Eg  and  =  vi2>  following  relations  are 
obtained. 
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For  the  AS4/3502  lamina,  the  following  properties  were  measured, 

Et  =  1.48  Ell  N/m2 

E  =1.10  E10  N/m2 
2 

v  =0.27 
12 

i>  =  0.0199 
21 

G  =4.83  E9  N/m2. 

12 

and  were  used  to  estimate  the  laminate  properties. 
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List  of  Figures: 

Fig.  1.  Generation  of  Lamb  waves  in  a  plate.  Each  reflection  produces  a 
longitudinal  (solid  line)  and  a  transverse  (dash  line)  wave. 

Fig.  2.  Block  Diagram  of  the  experimental  setup. 

Fig.  3.  Generation  and  reception  of  Leaky  Lamb  waves,  (a)  transmission,  and 
(b)  Reflection  modes. 

Fig.  4.  (a)  Dispersion  Curves  and  (b)  attenuation  curves  for  a  steel  plate 
immersed  in  water. 

Fig.  5.  (a)  Dispersion  curves  and  (b)  attenuation  curves  for  an  aluminum  plate 
immersed  in  water.  Discrete  points  are  experimental. 

Fig.  6.  Received  signal  amplitude  as  a  function  of  angle  of  incidence,  at  k^d 
=  1.0,2.25,  3.5  for  aluminum  plate  in  water. 

Fig.  7.  Travel  time  for  a  Lamb  wave  in  a  plate. 

Fig.  8.  (a)  Dispersion  curves,  and  (b)  attenuation  curves  for  a  [0/90,^]^ 

laminate  in  water.  Discrete  points  are  experimental. 
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ABSTRACT 

This  paper  is  concerned  with  the  use  of  leaky  Lamb  waves  for  the  Non-Destruc¬ 
tive  Evaluation  (NDE)  of  damage  in  anisotropic  materials  such  as  fiber-reinforced 
composites.  Two  fundamental  acoustic  properties  of  the  material,  namely,  the 
wavespeed  and  attenuation  have  been  measured.  Stiffness  is  deduced  from  the 
wavespeed.  The  damage  mode  selected  for  this  study  is  matrix  cracking.  As  ex¬ 
pected,  the  in-plane  stiffness  decreases  and  the  attenuation  increases  with  an 
increase  in  the  linear  crack  density. 


ply  laminates.  The  reason  for  this  behavior  becomes  clear  from  Fig.  la.  In 
the  through-the-thickness  mode,  the  wave  travels  normal  to  the  plate  and  the 
cracks  also  lie  in  the  same  plane.  Obviously,  the  wave-crack  interaction  is 
low.  As  mentioned  earlier,  though  changes  in  attenuation  are  measured,  the  wave- 
speed  or  stiffness  is  not  effected.  Moreover,  out-of-plane  stiffness  is  not 
of  much  use  to  the  designer  while  in-plane  stiffness  is  an  important  design  criteria. 
Hence,  ultrasonic  waves  travelling  in  the  plane  of  the  plate  can  be  used  to  measure 
the  relevant  changes  in  wavespeed  and  attenuation.  This  mode  of  wave  propagation 
is  called  the  Lamb  wave  (or  plate  wave)  mode.  In  this  mode  the  waves  travel 
in  the  plane  of  the  plate  or  normal  to  the  cracks,  see  Fig.  lb,  and  hence  the 
crack-wave  interaction  will  be  large  and  it  is  expected  that  the  in-plane  stiffness 
can  be  measured. 

When  the  plate  is  immersed  in  a  fluid,  the  Lamb  waves  travelling  in  the 
plate  leak  energy  into  the  surrounding  fluid  as  shown  in  Fig.  2.  These  waves 
in  the  fluid  have  been  named  "Leaky  Lamb  waves".  These  leaNy  Lamb  waves  can 
be  sensed  by  a  transducer  and  the  wavespeed  and  attenuation  in  the  plate  material 
can  be  measured.  It  may  be  noted  here  that  in  the  Lamb  wave  mode  of  wave  propaga¬ 
tion,  attenuation  in  undamaged  specimens  is  due  to;  (1)  energy  leaked  into  the 
fluid,  and  (2)  due  to  the  material  non-uniformity  because  of  the  damage.  We 
assume  that  the  attenuation  due  to  leakage  remains  essentially  constant  but  the 
attenuation  due  to  damage  increases  with  damage.  Hence  the  measured  increase 
in  attenuation  is  attributed  to  the  induced  damage.  The  Lamb  wavespeed,  on  the 
other  hand,  is  related  to  the  overall  stiffness  in  the  plane  of  the  plate  and 
hence  the  changes  in  wavespeed  are  due  to  the  change  in  the  in-plane  stiffness 
as  the  damage  increases. 

Bar-Cohen  and  Chementi  (4)  have  utilized  the  leaky  Lamb  waves  for  the  non¬ 
destructive  testing  (NDT)  of  damage  in  fiber-reinforced  composites.  They  have 
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shown  that  various  forms  of  damage  can  be  identified  by  a  null-zone  movement 
method.  When  a  wave  is  incident  upon  the  plate,  the  specular  reflection  from 
the  plate  takes  place  along  with  the  generation  of  Lamb  waves  in  the  plate. 

Due  to  phase  change  in  the  leaky  waves,  the  specular  reflection  and  the  leaky 
wave  interfere  and  a  well  defined  null  zone  is  observed;  this  movement  of  the 
null  zone  has  been  related  to  various  defects.  They  have  used  this  in  a  C-Scan 
type  setup  to  map  the  damage. 

In  this  work  we  have  taken  an  entirely  different  approach  in  utilizing  Lamb 
waves  for  the  NDE  of  composites.  The  receiving  transducer  is  placed  in  such 
a  position  that  the  specular  reflection  is  completely  avoided  and  only  the  leaky 
waves  are  sensed.  Shown  in  Fig.  2  is  the  relative  position  of  the  transmitter 
and  the  receiver.  The  wavespeed  and  attenuation  in  the  specimen  are  measured 
from  the  received  signal.  The  specimen  is  damaged  and  transverse  cracks  are  intro¬ 
duced  in  the  cross-ply  laminates.  We  present  here  some  results  for  the  NDE  of 
cross-ply  laminates  by  leaky  Lamb  waves.  It  is  observed  that  attenuation  increases 
and  in-plane  stiffness  decreases  as  damage  is  induced  in  the  composites.  The 
technique  has  a  good  potential  for  field  application  since  it  is  non-destructive 
and  is  the  only  NDE  technique  available  for  the  in  plane  stiffness  measurement. 
Furthermore,  as  will  be  shown  later,  it  yields  local  values  of  properties. 

THEORY 

The  detailed  derivation  of  the  dispersion  equations  for  a  general  balanced 
symmetrical  composite  laminate  immersed  in  a  fluid  are  reported  in  a  companion 
paper  (5).  The  basic  symmetrical  mode  (s0)  has  been  selected  for  the  tests. 

The  reason  for  this  selection  will  be  described  in  details  in  the  results  section. 
It  will  suffice  to  mention  at  this  stage  that  in  this  mode  the  wave  travels  as 
a  plane-fronted  wave.  Also,  the  wavelength  of  the  wave  is  large  in  comparison 
to  the  crack-size  and  therefore  the  composite  can  be  treated  as  an  anisotropic 
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homogenous  material.  In  this  mode  it  can  be  shown  (6)  that  when  fd  is  small, 

=  Ei/p{I-vi2V2i)  (1 ) 

where  f  is  the  test  frequency,  2d  is  the  plate  thickness,  c  is  the  Lamb  wavespeed, 
El  is  an  in-plane  modulus,  and  V12  and  V21  are  the  two  in-plane  Poisson's  ratios. 
For  the  composites  tested  during  this  investigation  v-|2v21<<1  and  hence  Eq.  (1) 
reduces  to, 

c2  =  E]/p  (2) 

The  refraction  of  ultrasonic  waves  through  a  plate  follow  the  Snell's  law 
of  refraction; 

Sin(0-j)/Sin(0r)  =  v(0/c  (3) 

where  vw  is  the  wavespeed  in  water,  0^  and  0r  =  r/2  are  the  angles  of  incidence 
and  refraction,  respectively.  Thus, 

c  =  vaJ/Sin(G1)  (4) 

combining  Eq . ( 4 )  with  Eq.(2), 

E1  =  P  Cvto/STn(0i )  (5) 

This  equation  is  used  for  the  measurement  of  the  in-plane  stiffness  in  this 

work. 

It  is  obvious  from  Eq.  (5)  that  the  measurement  of  f'-j  will  be  an  important 
factor  in  the  accuracy  of  measurement.  A  very  simple  but  elegant  method  has 
been  devised  to  accurately  ascertain  the  Lamb  angle.  As  shown  in  Fig.  2  the 
receiver  is  moved  by  a  distance,  x.  A  very  elementary  calculation  (5)  shows 
that  at  the  correct  Lamb  angle,  total  travel  time  from  the  emitter  to  the  receiver 
is  independent  of  x.  Thus,  though  the  receiver  is  moved  on  its  travelling  mecha¬ 
nism,  the  signal  on  the  oscilloscope  remains  unchanged  on  the  time  scale:  only 
its  amplitude  is  reduced.  It  was  determined  that  the  Lamb  angle  could  be  measured 
with  a  precision  of  0.1  degrees.  The  decrease  in  the  amplitude  of  the  signal 
as  the  receiver  is  moved,  is  recorded  and  by  fitting  an  exponential  curve  through 


5 


the  points,  the  attenuation  coefficient  is  calculated.  Thus,  in  one  experiment 
the  attenuation  is  obtained  and  the  validity  of  the  Lamb  angle  is  also  checked. 

The  accuracy  of  measurement  of  modulus  is  estimated  to  be  2%,  and  for  attenuation 
it  is  about  10%. 

EXPERIMENTAL  PROCEDURE 

The  block  diagram  of  the  experimental  setup  is  shown  in  Fig.  3.  The  pulse 
generator  produces  a  trigger  signal  which  is  used  to  trigger  the  signs',  generator 
and  also  set  the  initial  time  for  the  digitizing  oscilloscope.  The  pulse  generator 
produces  a  train  of  sinusoidal  signal.  Since  these  signals  are  typically  of  a 
few  volts  in  amplitude,  a  power  amplifier  is  used  to  amplify  the  signal  to  about 
200  Volts.  This  amplified  signal  is  then  fed  into  the  transmitting  transducer. 

The  transducer  produces  an  ultrasonic  wave  which  is  transmitted  through  the  water 
and  specimen  to  the  receiving  transducer.  The  receiver  sends  the  signal  to  the 
signal  amplifier,  which  provides  the  oscilloscope  with  a  signal  of  about  one 
volt.  The  digitizing  oscilloscope  averages  the  signal  over  64  samples  and  stores 
the  average.  On  demand  from  the  computer,  the  necessary  information  is  provided 
by  the  oscilloscope  over  an  IEEE-488  bus.  The  wavespeed  and  attenuation  are 
then  calculated.  Entire  operation  of  the  oscilloscope  is  controlled  by  the  com¬ 
puter. 

Water  is  used  as  an  acoustic  couplant;  the  transducers  are  mounted  inside 
a  water  bath.  Transmitter  and  receiver  are  mounted  on  two  travelling  mechanisms 
graduated  to  0.001  inch  and  the  specimen  is  placed  in  a  holder  mounted  on  a  turn¬ 
table  which  is  graduated  to  0.1  degrees.  When  the  specimen  is  rotated  to  achieve 
the  correct  Lamb  angle,  the  length  of  the  specimen  between  the  transducer  is 
increased.  To  offset  this  increase,  the  two  transducers  are  moved  laterally 
such  that  same  length  of  the  specimen  is  interrogated  throughout  the  experiments. 
Since  repeatability  is  very  important  in  our  measurements,  the  specimen  holder 
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is  designed  so  that  exact  replacement  of  the  specimen  is  achieved  every  time. 

The  specimen  is  carefully  placed  against  a  tab  fixed  on  the  specimen  holder  on 
each  replacement.  A  typical  plot  of  received  signal  as  the  specimen  is  rotated 
is  given  in  Fig.  4. 

All  composite  specimens  are  made  of  Magnamite  AS4/3502  graphite/epoxy  prepreg 
tapes  manufactured  by  Hercules  Inc.  Transverse  cracks  were  chosen  to  be  the 
mode  of  damage  for  all  the  studies  reported  here.  Towards  this  end  cross-ply 
laminates  with  layups  of  the  type  [0m/90n]s  were  fabricated.  Typically  the  speci¬ 
men  are  plates  of  1"X11"  size. 

All  loading  to  induce  damage  in  the  specimen  was  performed  on  INSTRON  Model 
125  equipped  with  a  20,000  lb  load  cell.  The  tests  were  conducted  in  the  stroke- 
control  mode.  The  cross-head  speed  used  was  0.05  in/min  in  the  initial  stages 
of  damage.  When  nearing  the  ultimate  strength  of  the  specimen  the  speed  was 
reduced  to  0.02  in/min. 

The  edges  of  the  specimens  were  polished  with  5  and  1  micron  alumina  powder. 
This  is  done  to  get  good  quality  edge  replications.  A  record  of  the  cracks  devel¬ 
oped  in  the  specimen  was  maintained  in  the  form  of  edge  replications.  In  order 
to  open  the  cracks,  the  specimens  are  loaded  in  the  INSTRON  machine  to  about 
500  lbs.  The  replicating  tape  is  softened  by  acetone  and  pressed  against  the 
edge  of  the  specimen.  The  tape  material  flows  into  the  crack  and  hardens  in 
about  30  seconds.  The  tape  is  removed  and  the  replica  of  the  cracks  can  be  viewed 
under  a  microfiche  reader. 

In  the  early  stages  of  this  work,  water  seepage  into  the  cracks  was  found 
to  be  a  major  source  of  error  and  this  was  prevented  by  coating  the  edges  with 
a  strippable  coat  (Mfg.  Sharwin  Williams). 

RESULTS  AND  DISCUSSIONS 

Dispersion  equations  for  Lamb  waves  in  isotropic  materials  are  available 
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in  the  published  literature,  they  were  solved  (8)  based  on  the  assumption  that 
the  attenuation  due  to  leakage  is  negligibly  small.  This  assumption  is  reasonably 
valid  as  long  as  pVp»l  where p*  and  p  are  the  densities  of  the  plate  and  the 
immersion  fluid,  respectively.  If  one  is  studying  steel/water  system  then  ol/c 
is,  in  fact,  large  compared  to  one.  However,  for  the  fiber- reinforced  composites 
studied  in  this  work,  pVn  =  1.53  and  therefore,  neglecting  the  inertial  loading 
of  water  will  result  in  gross  error  in  the  dispersion  curves  as  also  shown  by 
Plona  et  al  (9).  Therefore,  we  have  derived  an  exact  solution  for  the  dispersion 
equations  for  an  anisotropic  plate  imnersed  in  a  fluid  and  have  obtained  the 
dispersion  curves  as  well  as  the  attenuation  curves.  These  have  been  reported 
in  an  earlier  paper  (5).  Some  results  from  the  work  are  shown  in  Fig.  7  for 
the  sake  of  continuity. 

Before  embarking  on  the  NDE  of  composites,  we  performed  some  numerical  calcul 
tions  to  study  the  sensitivity  of  various  wave  speeds  and  frequencies  on  different 
components  of  the  stiffness  matrix.  The  four  elastic  constants  cu,  C33,  C55, 
and  cj3  are  the  contributors  to  the  dispersion  equations.  In  this  study  one 
stiffness  coefficient  is  decreased  at  a  time  and  the  Lamb  wavespeed  calculated. 

The  studies  are  made  on  a  [0/904]s  laminate.  The  effects  of  the  degradation 
in  stiffness  constants  on  the  basic  symmetric  and  asymmetric  modes,  s0  and  a0 
respectively,  are  studied.  The  results  for  the  symmetric  mode  at  a  fd  =  0.25 
MHz-mm  (kd  =  0.32)  are  shown  in  Fig.  5a.  Quite  expectedly,  only  qi  contributes 
significantly  to  the  reduction  in  the  wavespeed.  The  effect  of  C33  and  C13  is 
very  small  and  the  effect  of  C55  is  practically  zero.  An  interesting  result 
is  that  if  the  degradation  takes  place  in  c  1 3  then  the  -..uvespeed  increases;  the 
effect  is  however  very  small.  Shown  in  Fig.  5b  is  the  effect  of  stiffness  degrada 
tion  on  the  a©  mode  at  fd  =  0.5  MHz-mm  (kd  =  0.63).  Now  ao  is  the  fundamental 
flexural  mode  and  is  well  known  that  shear  deformation  plays  a  significant  role 
in  the  propagation  of  flexural  waves.  Accordingly,  it  is  observed  that  the  major 
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contributor  in  this  case  is  C55  but  contributions  due  to  cn  and  C33  are  not 
negligible.  A  decrease  in  C33  results  in  an  increase  in  Lamb  wavespeed.  However, 
C13  does  not  contribute  to  the  change  in  wavespeed. 

The  results  for  the  next  higher  modes,  sj  and  aj  are  shown  in  Fig.  6.  The 
effect  of  s\  mode  is  studied  at  fd  =  2.00  MHz-mm  (kd  =  2.53).  For  this  mode 
the  major  contribution  comes  from  the  C33  and  cy).  On  the  other  hand  degradation 
in  C55  and  C13  will  tend  to  increase  the  wavespeed  and  their  contributions  are 
not  negligible.  The  results  for  aj  mode  are  at  fd  =  0.6  MHz-mm  (kd  =  0.76). 

Here  cjj  and  C55  effects  are  of  the  same  order  and  C33  and  c j 3  effects  are  neg- 
1 igible. 

The  conclusions  of  this  study  are  that  the  Lamb  wave  technique  is  useful 
in  measuring  the  degradation  in  cn,  which  can  be  made  with  tests  in  so  mode. 

To  some  extent,  by  using  the  ag  mode  the  degradation  in  C55  can  be  studied. 

Since  contributions  from  other  mode s  will  also  affect  the  Lamb  wave  speed,  the 
measurements  will  not  be  reliable  for  the  case  of  ao  mode.  But  a  combination 
of  tests  may  prove  to  be  useful.  For  example,  the  degradation  in  C33  and  cji 
can  be  measured  by  tests  in  sj  mode.  If  the  ratio  of  these  degradations  is  esti¬ 
mated,  then  the  effect  of  C33  can  be  separated.  Similarly,  the  effect  of  C55 
can  be  measured  by  combining  aj  and  sg  modes.  Based  on  this  sensitivity  study 
it  was  decided  to  carry  out  all  measurements  in  the  sg  mode. 

First,  the  tests  were  performed  on  a  [O/9O3] s  graphite/epoxy  composite  lami¬ 
nate.  The  dispersion  curves  for  this  specimen  are  shown  in  Fig.  7a.  The  solid 
lines  are  for  symmetric  mode  and  dashed  lines  for  asymmetric  modes.  The  attenuation 
curves  for  various  modes  are  shown  in  Fig.  7b.  The  tests  for  Lamb  wavespeed 
and  attenuation  in  undamaged  specimens,  as  described  earlier,  are  performed  and 
the  results  are  shown  as  discrete  points  on  Fig. 7.  The  theoretical  curves  are 
from  stiffness  values  calculated  by  the  rule  of  mixtures  (7);  the  agreement  between 
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theory  and  experiments  is  considered  satisfactory.  The  static  stiffness  of  the 
laminate  was  also  measured  in  a  tensile  testing  machine  and  the  corresponding 
wavespeed  is  shown  as  an  arrow  in  Fig.  7a.  This  shows  that  if  the  experimentally 
determined  values  of  the  stiffness  constant  are  used  in  the  dispersion  relations 
then  a  better  correlation  between  the  theory  and  experiments  will  be  observed. 

Now  the  same  [0/903]s  laminate  is  tested  to  study  the  effect  of  transverse 
cracks  on  the  Lamb  wave  speed  and  attenuation.  The  tests  are  conducted  at  a 
frequency  of  0.5  MHz  with  fd  =  0.275  MHz-mm  (kd  =  0.34).  The  reduction  in  the 
normalized  stiffness  as  a  function  of  number  of  cracks  per  centimeter  as  damage 
progresses  is  shown  in  Fig.  8.  The  normalized  stiffness  is  defined  as  E/Eq  where 
Eq  is  the  stiffness  of  the  undamaged  laminate  and  E  is  the  stiffness  of  the  damaged 
laminate.  The  figure  also  shows  a  dashed  horizontal  line  which  denotes  the  stiff¬ 
ness  of  the  damaged  laminate  calculated  by  the  ply-discount  theory.  In  this  theory 
the  stiffness  of  the  cracked  lamina  is  assumed  to  be  zero  in  the  direction  normal 
to  the  crack  and  the  laminate  stiffness  is  synthesized.  The  experimental  results 
obtained  by  the  Lamb  wave  technique  are  within  the  lower  limit  set  by  the  theo¬ 
retically  obtained  limit. 

Next,  a  [0/904]s  laminate  is  tested  when  damage  is  induced  in  it.  The  test 
is  performed  at  0.5  MHz  with  fd=0.355  MHz-mm  (kd  =  0.44).  The  reduction  in  stiff¬ 
ness  for  this  laminate  is  shown  in  Fig.  9.  Also  shown  in  the  figure  is  the  damage 
state  and  the  position  of  the  transmitter  (TR)  and  receiver  (R)  relative  to  the 
specimen.  It  is  observed  that  in  going  from  damage  state  3  to  state  4,  though 
there  was  a  substantial  increase  in  the  total  number  of  cracks  in  the  specimen, 
the  number  of  cracks  in  the  region  interrogated  by  the  transducer  did  not  increase. 
As  a  consequence,  no  change  in  the  stiffness  of  the  specimen  was  recorded.  This 
is  very  reassuring  for  it  demonstrates  that  our  measurement  reflects  local  changes 
in  the  stiffness.  For  this  specimen,  stiffness  reduced  by  about  30  IS  as  compared 


10 


to  the  virgin  state.  The  dashed  line  shows  the  stiffness  reduction  as  calculated 
from  the  ply-discount  theory  but  for  this  specimen  the  measured  stiffness  was 
slightly  lower  than  the  theoretically  calculated  value.  In  comparison  to  the 
reduction  for  the  [0/903]s  laminate  it  is  observed  that  the  stiffness  reduction 
for  this  laminate  is  larger.  The  reason  for  this  is  that  the  net  contribution 
of  the  eight-90o  plies  to  the  overall  stiffness  is  more  than  the  contribution 
of  six-90°  plies  and  hence  failure  of  plies  in  the  [0/904^ s  laminates  results 
in  a  higher  reduction  in  relative  stiffness.  Observe  that  the  [O/9O3] s  laminate 
has  a  crack  length  of  6-ply  thickness  long  while  the  [ 0/904^ s  laminate  has  a 
larger  crack  length  of  8-ply  thickness  long. 

The  next  set  of  tests  were  performed  on  a  [ O2/9O2/03 s  laminate.  For  this 
laminate  the  crack  size  is  very  small;  2  ply-thickness  long.  The  reduction  in 
stiffness  as  transverse  cracks  are  introduced  is  shown  in  Fig.  10.  Observe  a 
smaller  reduction  in  stiffness.  Even  though  this  laminate  has  four-900  plies, 
they  are  divided  into  groups  of  two,  and  also,  the  total  number  of  0°  plies  in 
this  laminate  is  increased  three  times.  Thus  the  total  contribution  of  the  90° 
plies  to  the  overall  stiffness  is  very  low  and  hence  their  failure  results  in 
less  reduction  in  stiffness. 

The  attenuation  increase  in  the  three  laminates  tested  are  combined  together 
and  shown  in  Fig.  11.  Shown  also  in  the  figure  are  the  k 1  a  for  the  three  lami¬ 
nates.  The  purpose  behind  this  presentation  is  to  demonstrate  the  effect  of 
the  normalized  scattering  cross-section  of  the  cracks,  k-j a ,  on  the  attenuation. 

In  this  context  we  cite  an  excellent  work  by  Tan  (10)  who  has  calculated  the 
normalized  scattering  cross-section  of  a  Griffith  crack  subjected  to  a  longitudinal 
plane  wave  loading;  see  Fig.  12.  Since  Tan's  calculation  is  for  an  unbounded 
medium*  it  cannot  be  applied  quantitatively  to  the  present  case.  However,  it 
does  provide  an  excellent  background  in  which  the  present  results  can  be  explained 
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qualitatively.  In  [02/902/0]$  laminate  Iqa  =  0.06.  As  is  well  known  this  is 
the  so-called  Rayleigh  scattering  regime  where  the  scattering  cross-section  of 
a  cracks  is  very  small.  The  waves  pass  through  the  plate  without  seeing  the 
cracks  and  as  a  result  the  increase  in  attenuation  is  very  low.  For  [0/903]$ 
laminate  kja  =  0.26  while  for  the  [0/904]s  laminate  kja  =  0.45  and  the  observed 
increase  in  attenuation  is  very  high.  The  effect  of  kja  on  measured  attenuation 
is  very  interesting.  Kinra  (11)  has  worked  with  composites  consisting  of  Lead 
spheres  in  an  epoxy  matrix  and  has  shown  that  the  wave  propagation  in  these  compo- 
sites  occurs  along  two  separate  branches:  (1)  the  low  frequency,  slower,  acoustical 
branch  along  which  the  particle  motion  is  essentially  in  phase  with  the  excitation, 
and  (2)  the  high  frequency,  faster,  optical  branch  along  which  the  particle  displace¬ 
ment  is  essentially  out  of  phase  of  the  excitation.  The  two  are  separated  by 
a  cut-off  frequency  which  corresponds  to  the  excitation  of  the  rigid-body-transla¬ 
tion  resonance  of  the  heavy  inclusion.  This  occurs  when  k^a  =  0(1),  where  a 
is  the  inclusion  radius.  Around  the  cut-off  frequency  both  the  phase  velocity 
as  well  as  the  attenuation  change  very  dramatically.  This  phenomenon  is  shown 
in  Fig.  13  taken  from  our  earlier  work(12).  It  is  our  conjecture  that  a  similar  I 

phenomenon  is  taking  place  in  these  laminates  and  the  cracks  act  as  inclusions. 

These  results  forewarn  against  an  arbitrary  selection  of  the  test  frequencies. 

Depending  on  the  flaw  size,  a,  the  test  frequency  and  hence  the  kja  has  to  be 
chosen  such  that  a  good  signal  amplitude  decay  curve  is  obtained.  If  the  attenua¬ 
tion  falls  very  slowly  with  damage  then  it  will  not  be  a  sensitive  measure  of 
the  damage.  On  the  other  hand  if  the  attenuaton  falls  very  rapidly  then  at  a 
relatively  low  crack  density  the  received  signal  will  be  lost  and  the  measurement 
will  be  inaccurate. 

CONCLUSIONS 

Propagation  of  a  leak y  Lamb  wave  in  its  fundamental  mode  in  three  cross-ply 
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laminates;  [02/902/0]s,  [0/903]$,  and;  [0/904]$,  has  been  studied  experimentally. 
The  effect  of  matrix  cracking  on  the  speed  (i.e.  stiffness)  and  attenuation  was 
studied  in  the  long  wavelength  regime.  As  expected,  it  was  found  that  the  in-plane 
stiffness  decreases  while  the  attenuation  increases  with  linear  crack  density. 
Therefore,  either  of  these  quantities  may  be  used  to  measure  the  damage-induced 
degradation  of  the  in-plane  stiffness.  A  particular  advantage  of  this  method 
is  that  one  can  measure  the  local  values  (average  over  the  transducer  diameter) 
of  stiffness.  The  attenuation,  on  the  other  hand,  is  averaged  over  the  distance 
between  the  transmitter  and  receiver. 
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Fig.  8  (a)  Reduction  in  stiffness,  and  (b)  increase  in  attenuation  of  [0/903]$ 

laminate,  f=0.5  MHz,  d=0.55  mm. 
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nate,  f=0.5  MHz,  d=0.71  mm.  Line  sketch  shows  damage  state. 
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Fig.  12  Normalized  plane-wave  extinction  cross-section  for  the  scattering  of 
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Fig.  13  (a)  Normalized  phase  velocity  and,  (b)  Attenuation  variation  with  nor¬ 
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